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This thesis describes research efforts aimed at developing novel biosensors, based 
on oligonucleotide-modified metal nanoparticles, for ultrasensitive metal ion and 
DNA detections.  In Chapter 2, we have demonstrated a gold nanoparticle/DNA 
biosensor for colorimetric detection of mercuric ions (Hg2+) at room temperature. Our 
novel DNA biosensor can easily detect mercuric ions in aqueous solutions and in the 
presence of excessive other metal ions.  Compared with instrument-based ultrahigh 
sensitive methods for accurate metal ion identification, this instrument-free assay 
provided a practical and convenient solution for rapid screening of Hg2+ 
contamination, especially in remote areas.  In Chapter 3, a chip-based approach, 
combined with silver amplification, for rapid and ultra-high sensitive detection of 
single nucleotide polymorphisms in DNA sequences has been presented.  More 
importantly, the silver amplification method provides the ability to quickly identify 
the precise location of the single-base mismatch in a target DNA sequence.  In 
Chapter 4, an enzyme-based colorimetric method has been demonstrated for 
ultrahigh-sensitive detection of single stranded oligonucleotides and long stranded 
DNA sequences. The preliminary detection limit of this colorimetric system is about 
0.5 fmol.  Significantly, upon modification, the approach presented herein could also 
be extended to detect a broad range of other targets including biological 
macromolecules, aptamer-binding small molecules, and metal ions at ultra-low 
concentrations.  In Chapter 5, a novel wet DNA sensing method, based on 
IX 
 
PMMA-protected sub-2 nm nanogaps, has been reported for in-situ biological 
detection directly in aqueous solutions under near-physiological conditions.  In 
Chapter 6, a proof-of-concept fluorescence resonance energy transfer system 
involving upconversion nanoparticles as energy donors and Au nanoparticles as 
energy acceptors have been demonstrated. This new optical detection approach 
provides an opportunity for multiplex sensing of various biological analytes. 
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CHAPTER 1: Introduction 
 A biosensor is a device that responds selectively to a particular target through a 
biological or biochemical reaction and transforms this information into an analytically 
useful signal. A typical biosensor comprises two key components including a receptor 
(or a recognition element) and a transducer (Figure 1.1). A receptor provides the 
selectivity that enables the biosensor to recognize a specific analyte or a group of 
analytes and reduce the interferences from other substances. A transducer usually 
imparts the sensitivity that makes the biosensor possible to transform the biological 
information from receptors into measurable signals and magnify these signals to be 
reliably detected and quantified in some cases. In this thesis, we focus on a biosensor 
using a DNA receptor and a nanoparticle (NP) transducer. 
This introduction is divided into five sections: (1.1) DNA receptor; (1.2) 
nanoparticle transducer; (1.3) preparation of DNA/NP biosensors; (1.4) applications 
of DNA/NP biosensors; (1.5) gap and purpose. 
 
1.1 Interaction between DNA Receptor and Analyte 
The receptors of a biosensor can be any biological or biochemical entities such as 
DNA, peptide, protein, and even whole cell. [1] Conventional bio-receptors using 
protein-based binding molecules (e.g. antibody) offer high affinity, high specificity, 
and fast response time, but they still suffer from several drawbacks including complex 
handling procedures, relatively high cost, easy contamination, and lack of generality 























In contrast, DNA or oligonucleotide (short DNA strands with twenty or fewer 
bases) based receptors hold great promise for a number of competitive advantages: (1) 
Because of their simple chemical composition, oligonucleotides are easily and 
reliably synthesized in vitro. (2) Oligonucleotides are able to be functionalized by 
various terminal groups (e.g. biotin and thiol), which make them conveniently 
coupled with transducers. (3) Because of DNA’s predictable and tailorable structures, 
oligonucleotides can be designed into specific sequences for selectively binding a 
broad range of targets. (4) Oligonucleotides show high thermodynamic stability in 
physiological solution. (5) DNA can also be manipulated by other biological 
molecules (e.g. enzyme) for further detection of multiple targets. These significant 
features make DNA (or oligonucleotide) a suitable candidate for sensing of various 
analytes, recognition of different biological structures (e.g. DNA double helix and 
G-quadruplex models), and monitoring of relative biological reactions (e.g. enzymatic 
catalysis, protein assembly, and cell division). 
A typical oligonucleotide used as a bio-receptor is a single stranded 
deoxyribonucleic acid (or ssDNA), although other nucleic acids (e.g. Ribonucleic acid 
(RNA), protein nucleic acid (PNA), and locked nucleic acid (LNA) [2-4]) have also 
been reported. To develop a reliable ssDNA recognition element, the most important 
prerequisite is the prediction of possible chemical interactions between the DNA and 
its binding analyte. In this section, four types of interactions will be discussed, (1.1.1) 





1.1.1 Hydrogen bonding  
In a DNA recognition system, hydrogen bonding interactions are mainly found 
between DNA bases (nucleobase), resulting in highly specific Watson–Crick base 
pairs. A natural ssDNA possesses four types of nucleobases including adenine (A), 
thymine (T), cytosine (C) and guanine (G). Among them, adenine and guanine are 
fused five- and six-membered heterocyclic compounds known as purines, while 
cytosine and thymine are six-membered rings called pyrimidines. Purines can interact 
with pyrimidines by formation of different numbers of hydrogen bonds. (For example, 
G-C contains three hydrogen bonds and A-T has two ones). (Figure 1.2a)  
Therefore, one single stranded DNA can interact with a complementary DNA in 
the form of a double stranded DNA (dsDNA) by the base pairing. Since hydrogen 
bonds are relatively weak, double stranded DNAs can be easily broken (denatured) 
and rejoined (hybridized). The two strands of DNA in a double helix can be 
manipulated like a zipper by changing temperatures. More importantly, the total 
strength of this interaction can be measured by a UV-vis spectrometer through finding 
a temperature required to break the hydrogen bonds between two matched DNAs. The 
temperature is called the DNA melting temperature (Tm). Obviously, this property 
relied on the reversible and specific interaction between complementary base pairs 
can be used for detection of DNA targets.  
In addition to double stranded DNAs, hydrogen bonding interactions also play 
important roles in other DNA structures. In a DNA G-quartet structure, [5] for 




(Figure 1.2b) and Watson-Crick faces of adjacent guanosines, resulting in a very 
stable and highly symmetric configuration, (Figure 1.2c) which is very useful for 
analysis of metal ions and organic molecules.  
 
1.1.2 Coordination bonding  
 Coordination chemistry between metallic ions and biological materials has been 
of great interest for a long time, since metallic cations are very important to people’s 
health. With the recent emergence of new detection technologies for metal ions by 
DNA, the interactions of metal ions with nucleobases, nucleosides, and nucleotides 
have been investigated extensively. The typical example is coordination bonding 
between mercuric ion (Hg2+) and a natural base (thymine). Ono and his coworkers 
[6-7] have demonstrated a stable coordination structure in a DNA duplex upon 
formation of mercury ion-mediated base pair, thymine-Hg2+-thymine (T-Hg2+-T). In 
their work, the authors designed a double stranded DNA with a single T-T mispair, 
(A)10T1(A)10/(T)21, for measurement of thermal transition profiles. Control 
experiments showed that the melting temperature (Tm) of mispair DNAs in presence 
of Hg2+ are not only higher than that of mispair DNAs in absence of Hg2+, but the Tm 
of complementary duplex (A)21/(T)21. These interesting profiles revealed that the 
coordination bonding in Hg2+ mediated base pair (T-Hg2+-T) is stronger than the 
interactions (two hydrogen bonds) in A-T base pair. Besides natural nucleobases, 
metal-mediated base pairs with “artificial” bases have also been studied. This base 


















resolution for ultrasensitive detection of various metal ions.  
 Apart from metal-ion-two-base coordination bonding, more complicated 
interaction models have been discovered. For example, in a G-quartet structure, [5] 
hydrogen bonds are formed among four guanosines for stability in a plane of a layer; 
however, coordination bonds are formed between monovalent cations (such as Na+ 
and K+) and multiple G-quartet layers. These two or four G-quartets can stack on each 
other to form aggregates that are stabilized by metal ions which are thought to interact 
with the carbonyl oxygens of the guanosines.  
 
1.1.3 Covalent bonding 
 In biological detections, the nucleobases of DNAs can be modified by various 
chemical analytes upon the formation of covalent bonds. Many of these covalent 
modifications occur on intrastrand of DNAs. However, some analytes, such as 
platinum compounds can produce covalent adducts with nucleobases on two 
complementary strands of DNA, resulting in the formation of interstrand cross-links. 
[8] Both inters- and intra-strand cross-links may seriously block the replication and/or 
transcription of DNAs in living cells, but provide a useful way for detection of these 
environmental agents.  
For example, cis- and trans-Diammine-Dichloro-Platinum (DDP) (Figure 1.3) 
are able to form covalent bonds with the purines (bases A and G) through the 
intermediate species, [Pt(NH3)2(H2O)2]2+, by the displacement of the chlorides by 







Figure 1.3 Cis- and trans-Diammine-Dichloro-Platinum (DDP) that can form DNA 












guanines in intrastrand DNAs (5’-GG-3’), but trans-DDP cannot form this intrastrand 
cross-link because of steric constraints. Cis-DDP interstrand cross-links are formed 
between the N7-nitrogens of two guanines in 5’-GC- sequences; however, trans-DDP 
only forms the interstrand covalent bonds between the N7-nitrogen of guanine and the 
N3-nitrogen of its base-paired cytosine. These selective reactions offer efficient 
approach for detection of these two compounds.  
 In addition to nucleobases, the phosphate backbone of DNAs can also be 
modified by some chemical and biological agents, especially the enzymes. Most of 
enzymes have been considered as protein-based enzymes such as nucleases, ligases, 
and polymerase, which can react with DNAs in the formation or cleavage of 
phosphodiester bonds. For example, T4 DNA ligase, an enzyme for DNA ligation, can 
join blunt end or cohesive termini as well as repair single stranded nicks in a double 
stranded DNA by catalyzing the formation of a phosphodiester bond between 
juxtaposed 5’ phosphate and 3’ hydroxyl termini.  
Since the 1980’s, nucleic acid based enzymes (NAE) [11-12] have been isolated 
from DNA library to catalyze various biological reactions mainly occurring on the 
phosphate backbone of nucleic acids. The reaction efficiency of NAE can be 1010 
higher than that of uncatalyzed reactions. Because nucleic acid enzymes hold many 
significant advantages including easy selection in vitro, good stability in solution and 
cost-effective preparation in chemical synthesis, [13-14] they have been used in many 
novel biotechnological applications, especially in biosensors for sensing of metal ions 




accelerate the catalytic reaction or an inhibitor of the reaction.  
 
1.1.4 Combinational interactions 
Since 1990, a new nucleic acid receptor called aptamer, has been extensively 
developed for detection of a wide variety of targets from small organic molecules to 
biological entities or whole organisms. [21] Aptamers are single stranded 
oligonucleotides with specific sequences and complex three-dimensional secondary 
or/and tertiary structures described as loops, hairpins, triplexes, stems, and quadruplex. 
The capability of binding aptamers to a certain analyte results form a combinational 
interactions between this oligonucleotide and target molecules, which include steric 
and structure compatibility, hydrogen and coordination bonding, electrostatic and van 
der Waals interactions, and even the orientation of aromatic rings. (Figure 1.4) These 
combinational interactions provide aptamers a specific recognition capability for 
certain targets with high affinities, specificities and stabilities. 
For example, Szostak and his coworkers [5] have used an in vitro selection to 
isolate an aptamer that can selectively bind adenosine/ATP with a dissociation 
constant of 6±3μM. The interactions between the aptamer and ATP analogs involved 
the functional groups on both the nucleobases and the sugar of ATP. The authors 
proposed the model of this ATP/aptamer structure that is based on a stable framework 
composed of stacked G-quartets and short stems, resulting in a pocket-like site for 
binding adenosine or ATP targets. 




















important for study on the behaviors of DNAs in cells. More interestingly, these 
interactions can be general (non-specific), or specific to either single or double 
stranded DNA. The non-specific interactions are formed through basic residues in the 
protein making ionic bonds to the acidic sugar-phosphate backbone of the DNA, and 
are therefore largely independent of the base sequence. Sequence-specific 
DNA-binding proteins generally interact with the major groove of B-DNA, because it 
exposes more functional groups that identify a base pair. 
The real interactions between DNA receptor and analytes are considerably 
complicated and not well established, more efforts should be put in this field to 
develop a DNA bio-receptor with higher sensitivity and selectivity. 
 
1.2 Nanoparticle Transducer 
As another important component of a biosensor, a transducer transforms the 
biological information from receptors into measurable signals. Various transducers 
based on electrochemical, piezoelectric, mechanical, magnetic and optical 
technologies, have been reported. Recently, there has been a growing interest in the 
development of new types of transducers based on nanomaterials with unique optic, 
electronic and catalytic features. Among them, nanoparticles with various optical 
properties including fluorescence, surface plasmon resonance (SPR) or colorimetric 
techniques hold great promise, because these nanoparticles can transform biological 
signals into visible lights or unique colors that are easily detected by spectrometers 




sensing procedures, and provide a time-efficient method for high throughput 
bio-detections. 
In this section, we focus on two important nanoparticles with two different optical 
properties (surface plasmon resonance of gold nanoparticle (1.2.1) and luminescence 
of lanthanide doped nanoparticle (1.2.2))  
 
1.2.1 Gold nanoparticle (Au NP) and surface plasmon resonance 
Au NP (with typical diameters in the range of 5-50nm) in aqueous or organic 
solution shows a clear deep red color. This phenomenon is attributed to localized 
surface plasmon resonance (Figure 1.5) that results from the coherent oscillation of 
Au NPs surface electrons induced by the incident light or electromagnetic field. Au 
NPs with a specific size can absorb lights of defined wavelengths due to their surface 
electron oscillation. For example, a 14-nm Au NP has a strong absorption band 
(surface plasmon band) at about 520 nm, which corresponds to green color in the 
visible spectrum. When a solution composed of 14-nm Au NPs is exposed to natural 
light (sunlight), only lights complementary to green ones can be transmitted, 
appearing in a deep red color. There are several competing modes for the explanation 
of surface electrons oscillation on Au NPs [22-24]. For small Au NPs, surface 
electrons are oscillated in a dipole mode. For larger Au NPs or gold nanoparticles 
aggregates (generally considered as a single large particle), light cannot polarize them 
homogeneously, and higher order modes at lower energy dominate. It causes a 







Figure 1.5 Localized surface plasmon resonance of gold nanoparticles. The 
wavelength of absorption peak of dispersed Au NP (14 nm) is about 520 nm, and the 














This sensitive and predictable color change based on the aggregation of small Au NPs 
provides a reliable system for colorimetric detection using Au NPs as signal reporters 
(transducers). 
In a typical Au NP biosensor system (an aqueous solution in red color), a target 
analyte or a biological process that directly or indirectly triggers Au NP aggregation 
can be easily detected by the color change (from red to blue) of this solution. As 
inter-particle plasmon coupling can generate a huge absorption band shift (up to ~300 
nm), the color change can be observed by naked eyes, therefore, sophisticated 
instruments are not required for qualitative analysis. Importantly, owing to their 
extremely high extinction coefficients [25], Au NP-based colorimetric assays have 
high sensitivity in harsh contrast to conventional bio-detection assays (e.g., using 
organic dyes) [26]. For quantitative analysis, the absorption spectra can be recorded 
by using a standard spectrophotometer. The ratio of the absorbance at 520 nm, which 
corresponds to dispersed Au nanoparticles (14 nm), and a longer wavelength (e.g., 
600 nm) for a given system, which corresponds to aggregated particles, is often used 
to quantify the aggregation process or color change. Typically, the detection limit of 
current Au NP-based colorimetric assays, without signal amplification steps, is in the 
range from nM to mM, depending on both the design of the system and the binding 
affinity of the bio-molecule receptor used in this assay. [27] 
 
1.2.2 Lanthanide doped nanoparticles and multicolor tuning 




nanoparticles (Figure 1.6) have been suggested as a promising new type of 
luminescent transducer. They show superior chemical and optical properties including 
low toxicity, large effective Stokes shifts, sharp emission band widths of 10 to 20 nm 
(FWHM) as well as high resistance to photobleaching, blinking and photochemical 
degradation. More importantly, in contrast to single emission peaks observed for QDs, 
the Ln-doped nanoparticles generally show a distinct set of sharp emission peaks due 
to the f-f orbital electronic transitions. The multiple peak patterns should provide 
spectroscopic fingerprints, particularly useful for accurate spectral interpretation 
during the occurrence of emission spectral overlap. These unique properties, coupled 
with their size- and shape-independent luminescent phenomena, make Ln-doped 
nanoparticles highly suitable luminescent transducer for multicolor sensing. [28-30] 
Two different types of Ln-doped nanoparticles (up and down conversion) have 
been developed for multiple detections of various targets by using their unique optical 
properties. For example, a type of Lanthanide- and Phosphorus (P)-doped YVO4 
down conversion nanoparticle has been developed to demonstrate the multicolor 
tuning of down conversion nanoparticles. [31] The introduction of phosphorus into 
the YVO4 lattice can increase the V-V distance, resulting in hampering efficient 
energy transfer from VO43- groups to the quenching sites. Consequently, the particles 
should show intense emission from the VO43- groups. Upon further addition of Ln 
dopants into the P-doped YVO4 nanoparticles, a dual emission from the host and the 
activator should be expected. Indeed, the P-doped YVO4 nanoparticles exhibit a broad 







Figure 1.6 a) The light-scattering properties of noble metal nanoparticles with various 
sizes, shapes, and compositions. (Reprinted with permission from ref. 1. Copyright 
2005, American Chemical Society). b) The size dependent emission of quantum dots. 
(Reprinted with permission from ref. 75. Copyright 2002, Elsevier B. V.). c) 
Upconversion nanoparticles with tunable emissions. (Reprinted with permission from 











an ultraviolet lamp. Subsequently, by varying the concentration of the Ln dopants, one 
can manipulate relative emission intensity of VO43- to Ln ions with high precision. 
Y(P-V-)O4 nanoparticles doped with increased concentrations of Eu3+, Dy3+, and Sm3+ 
ions exhibit decreased emission intensity ratios of the VO43- to the Ln dopants. This 
approach allows one to selectively fine-tune the emission colors from deep blue to 
green, red, or yellow (Figure 1.7). 
 The excitation source of upconversion nanoparticles is near infrared laser rather 
than ultraviolet lamp, thereby significantly minimizing the background auto- 
fluorescence, photobleaching, and photo-damage to biological targets. Therefore, 
upconversion nanoparticles hold great potential for bio-detection, if some problems 
can be solved in the next few years. The biggest challenge is that most upconversion 
particles prepared by conventional methods have either no intrinsic aqueous solubility 
or lack functional groups on the surface. These nanoparticles require a further 
surface-modification step before using as real bio-transducers.  
 
1.3 Integration of DNA Receptor and NP Transducer 
Although oligonucleotide and nanoparticle have been considered as a desirable 
biological receptor and transducer respectively, the integration of both materials into a 
real biosensor is still a big challenge. In general, the as synthesized nanoparticles, 
especially the upconversion nanoparticles, are not biocompatible because of 
hydrophobic nature or lack of functional groups on surface, thereby limiting their 







Figure 1.7 Photograph showing fine- tunable luminescence from (Ln, P)-doped YVO4 
nanopaticles in the solid forms on glass slides and in aqueous solutions (1 mM). 
(Reprinted with permission from ref. 31. Copyright 2008, Wiley-VCH Verlag GmbH 

















biocompatible through suitable modification of the nanoparticle surface by the 
attachment of pendant functional groups. Therefore, the manufacture of a DNA/NP 
biosensor can be generally divided into two steps: firstly, the nanoparticle surfaces are 
modified by the functional groups or coated with suitable shells, which either alter the 
properties of the nanoparticles or make them suitable for attachment of DNAs. 
Secondly, an oligonucleotide is immobilized on the nanoparticles through chemical 
reactions between DNAs and functional groups on the surface of nanoparticles.  
In this section, we focus on the conjugation of nanoparticles with single stranded 
oligonucleotides by using different approaches, including (1.3.1) self assembly, (1.3.2) 
chemical binding, (1.3.3) affinity, and (1.3.4) adsorption. 
 
1.3.1 Self assembly 
The most popular method to the immobilization of a ssDNA onto the surface of a 
gold nanoparticle is through self assembly by formation of a gold-sulfur bond.[32] 
Because Au NP has a strong thiophilicity, a thiol-terminated ssDNA can self assemble 
onto gold nanoparticles, resulting in a robust and stable structure. For example, 
Mirkin and coworkers [33] have demonstrated this promising approach that has 
involved the use of gold NP and well established thiol adsorption chemistry. In this 
approach, linear alkanedithiols were used as the particle linker molecules. The thiol 
groups at each end of the linker molecule attach themselves to gold NPs to form 
stable structures for further biological detection. This method is considered as a 






1.3.2 Chemical binding 
Chemical binding is an alternative approach for the production of ssDNA/NP 
biosensors. It is carried out by forming covalent bonds between a functional group 
previously attached on the surface of NPs and a reactive group labeled on a single 
stranded DNA. The coupling strategies used in biological applications include 
carbodiimide-mediated amidation and esterification. The most common coupling 
method used in this system is the activation of a carboxylic acid with carbodiimide 
1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide (EDC) and N-hydroxysulfo- 
succinimide (NHS) for reaction with an amine group. This structure with covalent 
bonds is comparatively stable and does not show negative effects on the further 
sensing processes. (e.g., the hybridization capability of double stranded DNA) 
 
1.3.3 Affinity 
Affinity is a considerably special method for ssDNA immobilization on surface of 
nanoparticles or other substrates. Biotin-Avidin (or streptavidin) system is the most 
popular affinity approach in ssDNA modification. Typically, avidin (or streptavidin) is 
attached on the surface of the nanoparticles; biotin is labeled on an ssDNA, tetramer 
binding is formed between biotin and avidin, resulting in a considerably stable affinity 
bond. Because of this strong interaction, ssDNA can be stably bound onto the NP or 




for biological detection, because it may result in non-specific binding due to the 
presence of the large protein layer (avidin or streptavidin) on the surface of 
nanoparticles. 
 
1.3.4 Adsorption  
Adsorption is another interesting method based on direct absorption of ssDNA on 
the surface of nanoparticles. Adsorption is a promising technology, because it does not 
require any of other reagents and any special terminal group modification of ssDNA. 
For example, one approach to gold nanoparticle/DNA assembly uses complementary 
electrostatic interactions to promote high affinity of nanoparticle/DNA binding. The 
use of cationic ligands on the nanoparticle surface provides a complementary surface 
for binding the negatively charged backbone of DNA. This method is very simple; 
however, its poor hybridization efficiency of double strand DNAs and instability of 
ssDNA layers on the surface of nanoparticles make it relatively impractical in much 
biological detection.  
 In this thesis, we focus on two approaches including self assembly of 
thiol-modified ssDNA and chemical binding in carbodiimide-mediated amidation for 
modification of NPs. Silica coatings have also been involved for altering the 
properties of Ln-doped NPs. 
 
1.4 Applications of DNA/NP Biosensor 




optical properties of DNA/Au NPs conjugates has become a topic of significant 
interest, because of its exceptional properties including a rapid colorimetric response 
(from red to blue or purple), high sensitivity and selectivity, and no requirement of 
expensive instruments and assistant facilities. Since the first generation of DNA 
modified Au NP biosensors (Figure 1.8) were developed by Mirkin’s group [34-36] 
and Alivisatos’ group [37-39], this technology has been increasingly used for 
detection of various targets including sequence-specific DNA, metal ions, proteins, 
small organic molecules, and even cells. This detection system, together with other 
biological or chemical methods, holds great promise in clinical diagnostics, drug 
discovery, and environmental contaminant analysis. 
Another class of biosensors based on DNA/Ln-doped NP, especially 
upconversion NP, seeks to provide the capability of multiple detections for molecular 
entities and to substantially reduce background auto-fluorescence. Therefore, these 
assays offer enhanced signal-to-noise ratios and thus improved detection limitation in 
contrast to organic dyes or QDs. 
Here, we present a literature review of recent examples of Au and Ln-doped NP 
probe-based assays involved in (1.4.1) detection of metal ions, (1.4.2) DNAs, (1.4.3) 
organic molecules, (1.4.4)proteins, and even (1.4.5) cells. 
 
1.4.1 Metal ions 
Metal ions in the environment or the human body are all extremely significant for 







Figure 1.8 In the presence of complementary target DNA, oligonucleotide 
functionalized gold nanoparticles will aggregate (A), resulting in a change of solution 
color from red to blue (B). The aggregation process can be monitored using UV-vis 
spectroscopy or simply by spotting the solution on a silica support (C). (Reprinted 
with permission from ref. 24. Copyright 1997, American Association for the 











pose significant public health hazards when they are present in drinking water even in 
ultra-low concentrations. Colorimetric sensors using DNA/Au NPs have been widely 
investigated for the sensitive detection of metallic ions.  
For example, Hg2+ could cause serious brain damage and other chronic diseases 
because they can accumulate in the body through the food chain and water. The 
Environmental Protection Agency of United States (EPA) limit for mercuric ions in 
drinking water is about 10 nM. In recent, a new colorimetric approach based on 
thymine–Hg2+–thymine coordination chemistry and gold NPs has been extensively 
studied for detection of mercury. Mirkin group [40] firstly developed this prototype of 
DNA/Au NP-mercuric ion sensor. Our group [41] changed the design and offered a 
simple method by the formation of mercuric ions induced particle aggregates at room 
temperature with a concomitant colorimetric response. Our method was enzyme free 
and did not require any specialized equipment or temperature control units. More 
importantly, this method could be used to detect other metal ions by substituting the 
thymine with synthetic artificial bases that selectively bind other metal ions. Another 
two important literatures using same T–Hg2+–T coordination chemistry were 
published on Angew. Chem. Int. Ed. Willner and co-workers’s DNA based machine 
[42] extremely improved the limitation of this detection (1 nM, 0.2 ppb) over the 
reported methods. In addition, Yin and coworker [43] demonstrated a novel highly 
sensitive and selective fluorescence polarization assay by using a “gold nanoparticle 
enhancement” approach. Yin’s approach could be carried out in 96- or 384-well plates, 




Lead ion (Pb2+), as another toxic cation, is very dangerous for children, resulting 
in mental retardation. Uranium (UO22+) can also cause severe adverse effects to 
human health. Lu group has developed a general colorimetric approach for on-site and 
real-time detection for Pb2+ and UO22+ based on a DNAzyme labeled of Au NP or 
label-free methods. In this approach, metallic cations were used as cofactors of 
DNAzymes for disassembly of Au NP aggregates by the cleavage of DNA backbones. 
This metal ion-dependent colorimetric method showed a clear color change by using 
tail-to-tail aligned DNA/Au NP aggregates. In addition, small pieces of DNA (called 
invasive DNA) complementary to the cleaved substrate strands were employed to 
facilitate Au NP release, which accelerated this cation-induced color change. 
Moreover, they also designed label-free colorimetric sensors for Pb2+ and UO22+ 
(Figure 1.9) with detection limits of 3 nM and 1 nM, respectively. [44-45]  
 Besides heavy cations, other metal ions such as Mg2+, Zn2+, Cu2+ and Ca2+ are 
considerably significant for people’s health. Although there were many references for 
detection of these ions by using Au NP [46] or DNAzymes [47-48], the development 
of colorimetric sensing based on DNA/Au NP assay is still on the primary stage [49].  
 
1.4.2 DNAs 
The use of DNA/NP based methods (colorimetric ones based on Au NP and 
luminescent ones dependant on upconversion particles) for detection of nucleic acids 
have been widely reported and reviewed [1, 50-51]. These methods can be divided 







Figure 1.9 A general colorimetric approach for on-site and real-time detection for 
UO22+ based on a DNAzyme labeled of Au NP or label-free methods. (Reprinted with 










Compared to heterogeneous assays, homogeneous assays are easier and faster to 
perform by making use of optical signals induced by either particle aggregation or 
energy transfers. Among them, DNA/Au NP homogeneous assays are “natural” 
sensors for detection of DNAs, because the DNA receptors can conveniently bind 
nucleic acids in the form of various stable structures including duplex or triplex 
DNAs [52]. Since 1996, many excellent papers and reviews on this field were 
available in literatures. Recently, there has been a growing interest in development of 
multiplexed DNA detection systems for time-efficient screening. For example, Fan 
and coworkers [53] presented a new DNA/Au NP/Dye structure that could rapidly 
respond to DNA targets in a mix-and-detect way. The different dyes linked to different 
DNA probes were held on the surface of the Au NPs because of the formation of the 
stems, resulting in efficient gold-quenched fluorescence. In the presence of a DNA 
target complementary to a certain probe, duplex formation between the probe and the 
target competitively unzipped the stem and restored a specific fluorescence for a 
multicolor DNA detection. Nam and coworkers [54] also reported a restriction 
enzyme coded multiple DNA detection method using oligonucleotide-modified Au 
NPs and magnetic microparticles.  
Besides DNA/Au NP assay, upconversion NP based homogeneous assay is 
another significant DNA sensing method, which is commonly based on a lanthanide 
resonance energy transfer (LRET) process [55] between a donor and an acceptor. 
Rantanen et al.[56] demonstrated a simultaneous detection of multiple DNAs by using 




oligonucleotides (P1 and P2) with specific sequences complementary to a target 
sequence T1 or T2 were selectively conjugated to two dyes, AF546 and AF700, 
respectively. Upconversion NPs were modified with capture DNA (C1 and C2). In 
presence of target (T1 or T2), LRET would occur between upconversion NP and dyes, 
resulting in an emission at the wavelength of 573 nm (T1) or 723 nm (T2). These two 
different DNA sequences could be detected and quantitatively with a dynamic range 
from 0.35-5.4 nm.  
A heterogeneous assay format utilizes a capture DNA in solid phase, which holds 
the specific binding capability to a targeting DNA in presence of a sample containing 
DNA/NP probes. After removal of the unbound targets from the capture sites, the 
results can be read colorimetrically by naked eyes or spectrophotometrically by 
instruments. A silver amplification method for analyzing DNA targets by using 
oligonucleotide-modified gold nanoparticle probes and a conventional flatbed scanner 
was firstly described by Taton et al. [57] This method provided the discrimination of 
an oligonucleotide sequence from targets with single nucleotide mismatches with a 
selectivity that was over several times than that of conventional methods. We also 
used this approach for rapid genotyping of single nucleotide polymorphisms (SNPs) 
[58]. Our approach had the ability to quickly identify the precise location of a 
single-base mismatch in a DNA sequence. 
Lanthanide particles have also been used as luminescent probe in genotyping 
applications. Wang and Li [59] presented a sandwich-hybridization DNA assay for 




When magnetic particles were introduced for facile separation, the detection limit of 
this method was about 10 nM without PCR amplification.  
 
1.4.3 Organic molecules 
Aptamers have potential capability of effectively binding any organic molecules, 
which make them work as excellent bio-receptor for detection of small chemical 
molecules.  Most aptamers are obtained by in vitro selection or systematic evolution 
of ligands by exponential enrichment (SELEX). In a typical DNA aptamer selection, a 
large single stranded DNA library (up to 1015 random sequences) is incubated with a 
target organic molecule to allow the binding reaction to occur. The bound and 
unbound DNAs are subsequently separated and qualified. Therefore, these most 
suitable aptamer is collected to be used as recognition element for this corresponding 
organic molecule.  
Since the aptamer for ATP was firstly selected by Huizenga, et al., many small 
organic molecules have been used as tested molecules for these proof-of-concept 
detections. [60-61] (Figure 1.10) For example, Fan and coworkers [62] described a 
universal strategy based on label-free Au NPs for selective detection of ATP with 
naked eyes by using both anti-ATP aptamer and i-motif as the models. Song et al. [63] 
demonstrated a simple method for detection of coralyne by utilizing Au NP-modified 
homo-adenine DNA conjugate, which could be selectively bound by coralyne in the 
formation of unique structure of double stranded A-rich nucleic acids. Mirkin and 







Figure 1.10 Aptamer that is able to bind ATP by the key-lock principle through 













colorimetric assay for detecting cysteine using gold nanoparticle- oligonucleotide 
conjugates. Based upon the sharp melting profiles of this DNA/Au NP format, the 
assay was easily read out with the naked eye or UV spectrometer.   
 
1.4.4 Proteins 
Highly sensitive detection of protein-based enzymes is of great importance in the 
development of novel pharmaceuticals and medical diagnostic devices. Conventional 
protein detection method was limited by the requirement of high-quality antibodies, 
multiple washing steps, and low capacity for multiplexed analyte detection. Single 
stranded DNA with specific sequences and conformation shows a high affinity to the 
corresponding protein or protein based enzyme. So ssDNA can be used to detect 
enzymes as well as their enzymatic activities and kinetic parameters in certain 
conditions. [65] Zheng et al. [66] developed a novel assay for detection of the activity 
of telomerase by using DNA/Au NP conjugates as probes and the concept of 
elongated and unmodified oligonucleotides on one particle for amplification. Another 
enzyme responsive nanoparticle system that used a DNA/Au NP assembly as the 
substrate was also developed by Song et al.[67] for the simple, sensitive, and 
universal monitoring of restriction endonucleases in real time.  
 
1.4.5 Cellular analysis 
The accurate tracking, imaging and detection of cells (or nucleic acids in cells) 




conventional methods, however, often suffer from time consuming techniques or the 
need of expensive instrumentation. To address these limitations, new techniques 
based on upconversion nanoparticles have been used for tracking small interference 
RNAs (siRNAs) in cells. Jiang et al. [68] demonstrated a real-time tracking of 
intracellular release of siRNAs from upconversion NP carriers. To achieve this, a 
fluorescent dye BOBO-3 is labeled on RNAs for measurement of the LRET efficiency. 
The shift of LRET offers an indication of RNA release from the nanoparticle-carriers. 
More importantly, gold nanoparticles with the unique optical properties and 
excellent biocompatibility show more potential in intracellular analysis. In this field, 
Mirkin’s group has developed an amount of DNA/Au NP based assays for in vitro cell 
imaging or detection [69]. For example, Song et al. [70] have developed a new 
multimodal imaging probe with capability of MR, fluorescence, and CT for cell 
tracking. In this work, they fabricated an interesting DNA structure composed of Cy3 
dyes and GdIII complexes attached to Au NPs for fluorescence microscopy and flow 
cytometry in cellular analysis. Mirkin’s group also focused on siRNA detection in 
living cells [71]. A new class of intracellular probe termed nano-flares has been used 
for cellular transfection, and RNA detection and quantification [72]. This nano-flare 
was DNA-functionalized nanoparticle conjugates that could provide a cellular 
fluorescence signal corresponded to the relative amount of a siRNA. This structure 
might be easily adapted to simultaneously transfect, control, and visualize gene 
expression in real time.  




aptamer/Au NP conjugates. Tan and coworkers [73] designed a colorimetric assay for 
the direct detection of diseased cells. The assay used aptamer-conjugated Au NPs to 
combine the selectivity and affinity of aptamers and the spectroscopic advantages of 
Au NPs to allow for the sensitive detection of cancer cells. Liu et al. [74] also 
reported an aptamer-nanoparticle biosensor for the rapid, specific, sensitive, and 
low-cost detection of circulating cancer cells. Under optimal conditions, the system 
was capable of detecting a minimum of 4000 Ramos cells by naked eyes and 800 
Ramos cells with a portable strip reader within 15 min. Importantly, This method 
could successfully detect Ramos cells in human blood, thus providing a rapid, 
sensitive, and low-cost quantitative tool for the detection of circulating cancer cells. 
Therefore, DNA-conjugated Au NPs have been considered as a powerful tool for 
point of cell detection.  
 
1.5 Summary 
A biosensor, especially a DNA based biosensor, plays an important role in the life 
science research and has numerous applications in clinical diagnosis of pathogenic 
and genetic diseases, environmental monitoring, chemical industry and bio-security. 
Typically, a biosensor can be used for detection of various targets or analytes 
including genomic DNA targets, oligonucleotides, drugs, proteins, metal ions, organic 
molecules, and even cells.  
Conventional DNA-based biosensors were dominated by techniques that relied on 




transducers (or reporters). Radioactive 32P or 35S reporters in oligonucleotide detection 
provided exquisite sensitivity and were commonly used to indicate hybridization. 
However, radioactive elements were harmful to people’s health, and required 
specially trained personnel and carefully handling. Therefore, these radioactive 
reporters were gradually being replaced by other non-radioactive transducers such as 
organic dyes, quantum dots, and fluorescent proteins, which detected targets by their 
color, fluorescence, or luminescence. These optical techniques have significant 
advantages, which afford high sensitivity, exquisite selectivity, and adequate 
reliability; however, they also have either limitations with respect to simplicity, or the 
need of expensive instruments for further substantial sensitivity.  
In regard to this, the purpose of this research was to design a series of 
oligonucleotides-based biosensors, which is not only sensitive, selective, reliable, but 
also simple, time-saving, and economical in its operation. The scope of this research 
included preparing gold and upconversion nanoparticle-DNA conjugates, studying the 
enzyme manipulation efficiency based on gold nanoparticle-bound DNA templates. 
These nanoparticle biosensors were then applied for the detection of various analytes 
such as DNA targets and metal ions. 
The specific objectives of this thesis included: 
1. To modify gold nanoparticles with various oligonucleotides. Study the thermal 
transition profiles of the gold nanoparticle-bound oligonucleotides with different 
numbers of T-T mismatches. Investigate the coordination chemistry between metal 




2. A systematic study on various factors that affect the reactive efficiency of ligase in 
a DNA templated reaction, including (i) different positions of single nucleotide 
polymorphisms in a templated DNA, and (ii) binding chemistry between DNA and 
glass slides. The sensitivity of this detection is further improved by using a silver 
amplification method. 
3. To design an enzyme-amplified DNA/Au NP biosensor for ultra-sensitive DNA 
detection. To study the specificity of restriction enzyme and the DNA strand-scission 
cycles. 
4. To develop a wet DNA electrical sensing approach based on PMMA-protected 
sub-2 nm nanogaps. To measure real currents occurring on nanogaps due to deposition 
of DNA/Au NP conjugates by reducing parasitic ionic currents. 
5. To find a suitable modification of the upconversion nanoparticle, thereby rending 
them biocompatibility and hydrophilic nature, and develop a prototype of the 
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CHAPTER 2: DNA/Au Nanoparticle based-biosensor for Mercury 
(Hg2+) Detection 
 
2.1 Background and Motivation 
Mercury is generally regarded as one of the most toxic elements in the world. It 
exists in several forms: elemental or metallic mercury, inorganic mercury compounds 
(Hg2+), and organic mercury compounds. Mercury can be naturally found in many 
rocks including coal, which can be released into the environment and enter the food 
chain through various sources, such as volcanic activities, burning of fossil fuels, gold 
mining and waste combustion. Due to its accumulative and persistent character, 
mercury can cause serious chronic diseases and even death, when it is deposited in 
organisms and pre-concentrated upon a dangerous level. Owing to the increasing 
threat of mercury exposure in the environment from global mercury emissions as well 
as various forms of contamination,[1] there has been a growing interest in the 
development of highly sensitive and selective systems for mercuric ions (Hg2+) over 
the past few years. Various sensor systems for detection of Hg2+, based upon organic 
chromophores or fluorophores,[2-7] conjugated polymers,[8] oligonucleotides,[9] 
DNAzymes,[10] proteins,[11] thin films,[12,13] and nanoparticles (NPs), have been 
reported. Most of these systems, however, have either limitations with respect to 
sensitivity, selectivity, and simplicity or the need of electronic read-out circuits for 
substantial sensitivity.  
The interactions between mercuric ions and nucleic acids have been of prime 




found that Hg2+ shows a strong binding capability to thymine residues (T) in DNA by 
releasing protons.[14] However, There is not a direct evidence for the formation of 
thymine―Hg2+―thymine (T―Hg2+―T) base pairs in nucleic acids until very 
recently. Ono and coworkers [15, 16] have definitely determined the chemical 
structure of the T―Hg2+―T base pairs, which immediately generates great interests 
in many scientific fields, especially in the biosensor-based detections. Various Hg2+ 
detection systems based on the property of T―Hg2+―T coordination chemistry have 
been developed in recent years. Mirkin et al. recently reported colorimetric detection 
of Hg2+ in aqueous media by using DNA-functionalized gold NPs.[17] This visual 
inspection method is highly selective and sensitive, and also simpler than 
conventional methods except for the requirement of an electronic heating element 
coupled to sensor system for careful monitoring of thermal denaturation temperature 
during the detection process. The need of an electronic heating and read-out unit for 
Hg2+ detection at elevated temperatures clearly makes this system relatively costly 
and impractical for fast on-the-spot sample assays. Therefore, it should be highly 
desirable to develop a detection system that is not only sensitive and reliable but also 
simple, practical and economical in its operation. To achieve this goal, we have taken 
a fundamentally different design, making use of DNA/NP conjugates and 
T―Hg2+―T coordination chemistry [15,18] to develop a sensor system that operates 






2.2 Materials and Methods 
2.2.1 Chemicals and Instrument 
All oligonucleotides (Table 2.1) were purchased from 1st BASE Pte Ltd, 
Singapore. Other chemicals were purchased from Sigma Aldrich. Melting 
experiments were carried out on a SHIMADZU UV-2450 spectrophotometer at 
one-degree increments. The UV―vis spectra were obtained by monitoring the 
extinction at 520 and 535 nm for the dispersed 14 and 30 nm nanoparticle probes, 
respectively. A HP CM-10 transmission electron microscope (TEM) is performed to 
determine the size of gold nanoparticle. 
 
2.2.2 Preparation of gold nanoparticles  
Approximately 14 nm diameter gold nanoparticles are prepared by the citrate 
reduction of HAuCl4.[19, 20] All glassware is cleaned in aqua regia (3 parts HCl, 1 
part HNO3), rinsed with ultrapure water, and then dried prior to use. An aqueous 
solution of HAuCl4 (1 mM, 50 mL) is brought to a reflux while stirring, the 
temperature range is from 90 to 110°C, and then 5 mL of a 38.8 mM trisodium citrate 
solution is added quickly, which results in a change in solution color from pale yellow 
to pale black. After another 10 minutes stirring, the solution color shifts to deep red.  
After the appearance of red color, the solution is refluxed for an additional 30 min, 
allowed to cool to room temperature, and subsequently filled into tubes for further 
experiments. A transmission electron microscope (TEM) and a UV spectrophotometer 




resulting nanoparticle solutions. Results showed that the average diameter of these 
gold nanoparticles was 14 nm and the characteristic surface plasmon band was 520 
nm. 30 nm gold nanoparticles are prepared by using same methods mentioned above 
by the decrease of the adding volume of 38.8 mM trisodium citrate solution. 
 
2.2.3 Preparation of DNA/Gold NP probes  
DNA/Gold nanoparticle (14 nm and 30 nm) probes are prepared according to a 
literature method.[20] The 3’- or 5’-terminal disulfide groups of the oligonucleotide 
strands are first cleaved by soaking them in a 0.1 M dithiothreitol (DTT) phosphate 
buffer solution (0.1 M phosphate, pH 8.0) for 2 hours and subsequently purified on a 
NAP-5 column (purchased from GE Healthcare). To 4.5 mL of gold colloid solution 
is added 12 nmol of the purified oligonucleotide. The solution is brought to 0.3 M 
NaNO3, 10 mM NaH2PO4/Na2HPO4, pH 7 buffer (0.3 M PBS) gradually by adding 
aliquots of 5 M NaNO3 and 0.1 M NaH2PO4/Na2HPO4, pH 7 buffer solutions every 4 
hours. After 48 hours, the nanoparticle solutions were centrifuged and redispersed in 
0.3 M PBS buffer.  
 
2.2.4 Calculation for the concentration of DNA/Gold NP probe in solution 
The final concentrations of the probe solutions were 2 nM estimated from their 
measured absorption at 520 nm and published values for extinction coefficients of the 
unmodified particles.[21] The detailed method is described as follows. 




Absorbance = - log10(I1/I0) = ε LC 
L:  the cuvette length 
C:  concentration of Au particles probe 
ε:  the molar extinction coefficient of Au particles 
Absorbance =ε LC  
C = Absorbance/(ε L) 
C = 1.82 / (3.6x108cm-1M-1x1cm) 
C = 5.1 nM 
Final concentration of DNA-Au probe is about 2nM. (Considered that 2 probes, target 
DNA and mercuric ions were added, diluted by 2.5 times). 
 
2.2.5 Melting temperature analyses 
Gold probe/linker oligonucleotide/mercuric ion solutions are prepared by adding 
a 20 μL aliquot of the appropriate oligonucleotide linker (1 μM), 20μL Hg2+ (10 μM) 
and 35 μL ultrapure water to a solution containing 150 μL of each gold probe (2 nM), 
the total volume is 375 μL. After vigorous agitation, the solutions are heated to 80 °C 
for 10 min and then allowed to cool down to room temperature and stand until full 
precipitation had occurred. The UV-vis signature of the gold probe/linker 
oligonucleotide/mercuric ion aggregates is recorded at 0.5 min intervals, as the 
temperature was increased from 15 to 90 °C with a holding time of 1 min/deg. The 
solution was agitated by shaking the vessel at least once every 5 min to maintain 




calculated from the melting temperature (Tm) analysis at 520 nm (for 14 nm gold NPs) 
or 535 nm (for 30 nm NPs) is used to determine the Tm values.  
 
2.3 Principle 
The basic design of our biosensor system for Hg2+ is composed of three elements 
as shown in Scheme 2.1. We first prepared two types of DNA-functionalized gold NP 
probes [22-27] (designated as probe A: Au-3’S-ATGCTCAACTCT5’ and probe B: 
Au-5’S-CGCATTCAGGAT3’), and an appropriate oligonucleotide linker (designated 
as probe C). To choose a specific sequence for the probe C, one has to ensure that it 
recognizes the particle probes A and B and forms stable DNA duplexes (or NP 
aggregated networks) only in the presence of Hg2+ at a given operating temperature. 
In the absence of Hg2+, these three probes do not form DNA/NP aggregates because 
of a lower melting temperature (Tm) than the operating temperature due to mismatches 
formed in the DNA duplexes. Importantly, by controlling the number of T-T 
mismatches in the system, one can precisely modulate the melting temperature of the 
three probes within a specific range.  
To this regard, we systematically studied temperature profiles using UV―vis 
spectroscopy for a series of probe solutions containing oligonucleotide linkers (probes 
C1-7) that are complementary to probes A and B except for various numbers of the 
T-T mismatch. As anticipated, melting temperatures of the probes A, B, and C1-7 were 
decreased from 50.3, 48.6, 40.0, 34.2, 26.2, and 22.8 to 21.3oC with increasing 







Scheme 2.1 Schematic of the Hg2+ detection by using 14-nm NPs with 




















Figure 2.1 Normalized melting curves of solutions containing probes A (or A*), B 










temperature of the probes can be further suppressed well below the operating ambient 
temperature (~23oC) with a solution containing eight T-T mismatches (probes A*, B, 
C7; Tm = 14.4oC) as shown in Figure 2.1. 
Thermal denaturation profiles of 14 nm NPs with oligonucleotide modification 
that results in potentially 12 consecutive T-T base mismatches (probe D) have also 
been studied. Although the Tm of this system is well below room temperature, it does 
not show sensitive detection in the presence of Hg2+ partially due to the competitive 
occurrence of Hg2+-induced oligonucleotide intra-cyclization (Scheme 2.2). 
 
2.4 Results and Discussion 
 As a proof-of-concept experiment, an aqueous solution of Probes A, B and C7 (2 
nM, 2 nM, and 1 μM, respectively; Tm = 21.3oC) was selected for a prototype sensor 
system for Hg2+ at room temperature. Upon addition of an aqueous solution of Hg2+ 
(10 µM), a clear red-to-purple/pinkish colorimetric response occurred within five 
minutes (Figure 2.2a).  
The particle-amplified color change indicates formation of stable Hg2+-mediated 
DNA base pairs as evidenced by an increased in a sharp melting temperature (42.4 oC) 
shown in Figure 2.2c. The UV―vis spectrum of the solution also shows a 
bathochromic shift of the gold nanoparticles from 520 nm to 565 nm, indicating the 
formation of particle aggregates via Hg2+-induced hybridization events (Figure 2.3). 
The NP aggregates were confirmed by transmission electron microscopy in contrast to 








Scheme 2.2 Schematic of the Hg2+ detection attempt using 14-nm NPs with 
oligonucleotide modification that forms 12 consecutive T-T base mismatches. This 
detection system did not show sensitive detection possibly due to the occurrence of 















Figure 2.2 a) Color response of a 14-nm NP detection system (probes A, B and C7) in 
the presence of a selection of metal ions (Hg2+, Cu2+, Ca2+, Fe3+, Mn2+, Sn2+, Zn2+; 10 
µM each). Note that Blank1 (probes A, B and C7 without Hg2+) and Blank2 (probes 
A and B with Hg2+) were used as control references. b) Color response of a 30-nm NP 
detection system under the same conditions. c), d) Normalized melting curves of the 
solution (containing probe A, B and C7) with or without Hg2+ (10 µM) for the 14-nm 













Figure 2.3 UV―vis spectra of a mixture of 14 nm probes A, B and C7 before and 
















Figure 2.4 Typical TEM images of samples taken from a mixture of 14-nm probes A, 






To exclude the possibility that Hg2+ may directly remove the thiolated 
oligonucleotides from the surface of the particles because of its thiophilic nature,[28] 
we performed control experiments without the oligonucleotide linker (Probe C7). 
Upon addition of various concentrations of Hg2+ (10, 50, and 100 μM), we did not 
observe visible color changes (or particle precipitation) over a period of time of 48 h 
(Figure 2.2a, Blank2).  Taken together these observations suggest that the rapid 
assembly of the nanoparticles at ambient temperature is indeed attributed to the 
formation of stable T―Hg2+―T base pairs in DNA duplexes. 
In a further set of experiments, we have evaluated the selectivity of our system 
for metal ions. Solutions containing metal ions (Co2+, Pb2+, Ni2+, Cu2+, Ca2+, Mn2+, 
Sn2+, Zn2+, Ru3+ and Fe3+; each at 10 µM) were tested under the same conditions as in 
the case of Hg2+. Remarkably, no optical and thermal transition profile changes of the 
solutions were observed with these metal ions up to millimolar concentrations (Figure 
2.2a and 2.5).  The specific detection for Hg2+ is clearly attributed to its selective 
binding of T-T mismatches, resulting in the formation of stable T―Hg2+―T 
complexes that lead to particle aggregation. 
We have also investigated the sensitivity of our detection system. Various 
concentrations (0.5, 1.0, 2.0, 3.0, 5.0, 10, 25 and 50 µM) of Hg2+ were added to a 
series of solutions containing 14-nm NP probes (A and B; each at 2 nM) and the 
oligonucleotide linker (probe C7; 1 μM).  The corresponding melting temperatures 
were measured at 21.8, 22.3, 22.9, 24.8, 28.3, 42.4, 47.5 and 50.0˚C, respectively 







Figure 2.5 Normalized melting curves of samples taken from a mixture of 14-nm NP 








Figure 2.6 Normalized melting curves of a solution containing 14-nm NP probes A, 














The limit of the detection for the 14-nm NP system by the naked eye is about 3 
µM (compared to 1 µM in the Mirkin sytem) of Hg2+. However, the sensitivity of the 
system can be further improved (up to 1 µM) by using larger particles or varying 
oligonucleotide sequences on the surface of the nanoparticles (Figure 2.7). For 
example, upon addition of Hg2+ (10μM) to a solution containing 30 nm particles, an 
enhanced color change can be readily observed (Figure 2.2b). The signal 
enhancement of the 30-nm NP system was attributed to significant extinction 
dampening in the plasmon region of the spectrum that accompanies Hg2+-induced NP 
aggregation (Figure 2.8).   
In contrast to the 14-nm NP counterpart, a larger melting transition (e.g., 27 
versus 21 oC with 10 µM of Hg2+) was observed for the 30-nm NP solution between 
the dispersed and aggregated states (Figure 2.2d). 
 
2.5 Summary and Prospect 
In summary, we have demonstrated a novel and practical system for colorimetric 
detection of mercury (Hg2+) at room temperature. The system utilizes a combination 
of oligonucleotides and gold NPs at low concentrations, which readily detects Hg2+ in 
aqueous solutions and in the presence of excess other metal ions. For practical 
applications, one has to take into consideration operating temperature ranges 
associated with the limit of detection for a specific system. For instance, for 10 μM 
detection, the 14-nm particle system with seven T-T mismatches has an operating 








Figure 2.7 Melting temperature as a function of Hg2+ concentration for solutions 















Figure 2.8 TEM images of the 30-nm NPs in the absence of Hg2+ (a) and in the 
presence of Hg2+ (10µM) (b). c) Corresponding UV―vis spectra of a mixture of 





mismatches has the operating range from 15 to 35oC.  
Complementary to instrument-based ultrahigh sensitive methods with electronic 
read-out circuits (e.g., DNAzyme catalytic beacons [10]) for accurate metal ion 
identification, this instrument-free assay should afford a practical and convenient 
solution, particularly in remote areas for rapid screening of Hg2+ contamination. The 
detection limit of sub-10 nM (U.S. EPA standard) in drinking water can be principally 
reached by pre-concentrating the water solution through evaporation or by coupling 
the detection system with a signal amplification method (e.g., gold NP-promoted 
silver amplification [23]).  
As a general approach, this method can be rationalized for use to detect other 
metal ions (such as Ag+, Pd2+, and Cu2+ shown in Figure 2.9) by replacing natural 
DNA bases with metal-dependent synthetic artificial bases.[29-32] However, the 
sensitivity and selectivity of artificial base pairs chelating metal ions have to be 
widely investigated. 
Very recently, enzyme-assisted DNA/Au NP sensor shows its potential in the 
detection of metallic ions. Enzymes are macromolecules that act as catalysts in 
biological systems including proteins and nucleic acids. The most significant 
characteristics of enzyme-based catalysis are high efficiency and specificity. For 
example, restriction enzymes can recognize a specific DNA sequence, resulting in the 
formation of an enzyme-DNA complex, which can also cleave another certain DNA 
sequence with the initiation of some metallic ions (e.g. Mg2+). It suggests that specific 














sensor. The basic design of this detection system for Mg2+ composes of three 
important elements including a nucleic acid chain, a restriction enzyme, and gold 
nanoparticles. These interactions among DNA, enzymes, gold nanoparticles and 






















Table 2.1 DNA sequences used in this experiment  
Name Description Sequence 
A Probe DNA strand 1 5’TCT-CAA-CTC-GTA-SH3’ 
B Probe DNA strand 2 5’SH-CGC-ATT-CAG-GAT3’ 
A* Probe DNA strand 3 5’TCT-CTA-CTC-GTA-SH3’ 
D Probe DNA strand 4 5’SH-TAC-GAG-GTT-AGA-TTT-TTT-TTT-TTT3’ 
C1 Linker DNA 1 5’TAC-GAG-TTG-AGT-ATC-CTG-AAT-GCG3’ 
C2 Linker DNA 2 5’TAC-GAG-TTG-AGT-TTC-CTG-AAT-GCG3’ 
C3 Linker DNA 3 5’TAC-GAG-TTG-AGT-TTC-CTG-TAT-GCG3’ 
C4 Linker DNA 4 5’TAC-GTG-TTG-AGT-TTC-CTG-TAT-GCG3’ 
C5 Linker DNA 5 5’TAC-GTG-TTG-TGT-TTC-CTG-TAT-GCG3’ 
C6 Linker DNA 6 5’TAC-GTG-TTG-TGT-TTC-CTG-TTT-GCG3’ 
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CHAPTER 3: Multiplex Single Nucleotide Polymorphism (SNP) 
Typing by Nanoparticle-Coupled DNA-Templated Reactions 
 
3.1 Backgrounds and Motivation 
A single nucleotide polymorphism (SNP) occurs in a deoxyribonucleic acid 
(DNA) sequence, in which a single nucleotide (A, T, C, or G) differs between 
members of a species or paired chromosomes in an individual. For example, two 
sequenced oligonucleotides from two different individuals, 5’TCTAACCTC3’ to 
5’TCTAATCTC3’, contain a difference in a single nucleotide. Variations (or SNPs) in 
the DNA sequences of humans may affect how people contract and develop diseases, 
or respond to agents such as pathogens, drugs, chemicals, and vaccines. SNPs are also 
considered as key factors in realizing the concept of personalized medicine, and in 
biomedical research for comparing regions of the genome between cohorts. 
Therefore, rapid genotyping of single nucleotide polymorphisms is essential for 
early diagnosis, prevention, and treatment of specific human diseases.[1] 
Conventional methods along with recently developed techniques, including 
allele-specific DNA hybridization,[2] ligation or primer extension,[3-6] molecular 
beacon-based fluorescence resonance energy transfer,[7-15] electrochemical 
typing,[16-18] and binary DNA probe-assisted assays [19-22] provide accurate 
validation, but they have either disadvantages with respect to complex procedures, 
inadequate sensitivity, lack of multiplex detection capability, or the need of large 
sample volumes and isolation of the products. In contrast, oligonucleotide-modified 




chip-based assay format hold great promise for rapid, low-cost, and ultra-sensitive 
SNP screening. Despite these attractions, there still exist many of the constrains 
associated with these detection systems, such as limited sequence specificity and the 
need of a thermal stringency wash.[27] Stringent control over melting and washing of 
probe-target duplexes with single-base-pair mismatches are difficult due to subtle 
differences in melting temperature between the mismatched and perfectly matched 
duplexes.[27] More importantly, it is extremely difficult to determine the various 
SNPs in adjacent positions on a DNA sequence. For example, we designed a 
conventional sandwich assay for SNPs with single nucleotide variation on different 
positions labeled as Xn, n is from 1 to 4, (Figure 3.1). The results of melting 
temperatures indicate that a thermal stringency wash over probe-target duplexes in 
this conventional chip-based sandwich assays is almost impossible, because of similar 
melting profiles (seen in Figure 3.1) between the various mismatched and/or perfectly 
matched duplexes. 
Therefore, we demonstrate a convenient and efficient approach, based on Au 
NPs-coupled DNA-templated reaction, which offers both rapid multiplex SNP 
detection capability and ultrahigh sensitivity without the need of costly 
instrumentation and stringent wash processes. In this method, a DNA-templated 
reaction plays a key role in quick identification of the precise location of single 
nucleotide polymorphism in a target DNA sequence. A typical DNA-templated 
reaction can be initiated by holding chemical reagents that modified onto two 







Figure 3.1 Normalized melting curves of probe solutions in the presence of various 
targets with no added T4 DNA ligase. Mismatch positions are highlighted as X1 to X4. 
thus immensely increasing the effective molarity of the reactive species and 
accelerating the reaction. Reversely, the reactivity of DNA-template reaction can also 














3.2 Materials and Methods 
3.2.1 Reagents and characterization 
All oligonucleotides (Table 3.1), phosphate buffer, Tris buffer and sodium 
chloride solution were purchased from 1st BASE Pte Ltd, Singapore. T4 DNA ligase 
(M0202S) and diluent buffer (B8001S) were obtained from New England Biolabs Inc. 
NAP-5 columns (17-0853-01) were purchased from GE Healthcare. Other chemicals 
were purchased from Sigma Aldrich. Gold nanoparticles were prepared by the citrate 
reduction of HAuCl4 (See Chapter 2).[34] Oligonucleotide-functionalized gold 
nanoparticles and glass slides immobilized with capture DNA strands were prepared 
according to literature methods.[35,36]  Melting experiments of DNA duplexes were 
operated using a SHIMADZU UV-2450 spectrophotometer in one-degree increments.  
The UV-visible spectra were obtained by monitoring the extinction at 520 nm for the 
dispersed 14 nm-nanoparticle probes. TEM measurements were carried out on a JEOL 
2010 transmission electron microscope. 
 
3.2.2 Preparation of gold nanoparticle probes  
The 3’- or 5’-terminal disulfide groups of the oligonucleotide strands were first 
cleaved by soaking them in a 0.1 M dithiothreitol (DTT) phosphate buffer solution 
(0.1 M phosphate, pH 8.0) for 2 hours and subsequently purified on a NAP-5 column. 
To a 2.4 ml of gold colloid solution was added 6 nmol of the purified oligonucleotide.  
The solution was then brought to a 0.3 M NaCl, 50 mM Tris buffer solution gradually 




After standing for 48 hours, the nanoparticle solutions were centrifuged and 
redispersed in 0.3 M NaCl, 50 mM Tris buffer. The final concentrations of the probe 
solutions were 2 nM estimated from their measured absorption at 520 nm and 
published values for extinction coefficients of the unmodified particles.[37] 
 
3.2.3 Immobilization of capture strands on glass slides  
Microscope glass slides were first cleaned and sonicated by CH2Cl2, CH3OH and 
ultra-pure water for 10 minutes each, and then heated at 90 °C in a solution containing 
ammonia and peroxide (NH3·H2O : H2O2 : H2O = 1:1:5) for 1 hour. After sequentially 
washing with ultra-pure water and ethanol, the slides were dried at 60 °C and 
subsequently treated with an ethanol solution of 3-aminopropyl-triethoxysilane 
(C9H23NO3Si:ethanol = 1:10; v/v) for 30 minutes. After washing with ethanol, the 
slides were incubated at 120 °C for 3 hours and then placed into a dimethylformamide 
solution of succinic anhydride (0.05 M) for 24 hours to convert the terminal amino 
groups to carboxylic acids. 
  Oligonucleotides (5'PO4-GTATCTAACCTC-NH2; 2 nM) dissolved in a 300 μl 
phosphate buffer solution (0.1 M phosphate buffer, pH 8.0) containing 50 μl 
N-Hydroxysuccinimide (NHS, 0.01 M) and 2 mg 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC·HCl) were then transferred onto the 
silane-modified glass slides. The slides were placed into a DNA hybridization 
chamber for incubation at 23oC overnight. After immobilization of the capture strands, 





3.2.4 Nanoparticle-coupled DNA templated ligation reactions 
A modified buffer solution [38] was prepared for oligonucleotide ligation assays 
in the presence of T4 DNA ligase. This buffer solution was prepared by mixing a 
stock solution containing 0.5 M Tris buffer and 0.1 M MgCl2 (pH 7.5) and a 0.1 M 
ATP solution in ultra-pure water (pH 7.5). The final concentrations of this DNA 
ligation solution are 50 mM Tris buffer, 10 mM MgCl2, and 1 mM ATP (pH = 7.5).  
In a typical ligation experiment, aqueous solutions (15 μl each) containing 
oligonucleotide-modified gold probes (100 pM) and target DNA sequences (1 nM) 
were spotted onto a glass slide pre-modified with capture strands. Upon incubation for 
30 min in a DNA hybridization chamber, T4 DNA ligase (300 units) was added to the 
resulting mixture. After a 5-minute ligation, slides were carefully washed and rinsed 
by ultra-pure water. To facilitate visualization of gold nanoparticles attached on slide 
surfaces, a silver enhancement method was used, in which silver ions are reduced on 
the surfaces of the gold nanoparticles. The SNP detection assays were repeated for at 
least three times. Note that a 30-minute ligation reaction was also carried out in 
parallel to the 5-minute ligation reaction as shown in Figure 3.2. 
 
3.2.5 Silver enhancement method 
The Silver Enhancer Kit (SE100, Sigma-Aldrich) was used to provide signal 
readout amplification by precipitation of metallic silver on substrate-tethered gold 







Figure 3.2 Effect of the ligation reaction time on SNP screening. (a) A representative 
scanometric image of an oligonucleotide-modified glass slide treated with a 
nanoparticle-coupled DNA-templated reaction for 5 minutes. (b) A parallel control 
experiment with a 30-minute ligation reaction. The corresponding grayscale values of 












Sigma-Aldrich) and Silver Enhancer Solution B (S5145, 1mL, Sigma-Aldrich) were 
mixed in a 1:1 (v:v) ratio immediately before use and the resulting mixture was then 
transferred to a glass slide (75 x 25mm) that contains oligonucleotide-tethered gold 
nanoparticles. After 5 min incubation, the slide was rinsed with ultra-pure water, 
immersed in a sodium thiosulfate solution (S8503, 2.5 wt%, Sigma-Aldrich) for 2 min, 
washed again, and dried prior to scanning. The darkening of the spotted surface on the 
slide was measured by the relative grayscale values taken from flatbed scanner images 
of the slide.  
 
3.2.6 Solution-based nanoparticle-coupled DNA-templated reactions  
As control experiments, a solution-based detection system containing two sets of 
different oligonucleotide-functionalized gold probes (Au-S-ATGTCTAACCTC-OH3' 
and 5'PO4-GTATCTAACCTC-S-Au) and T4 DNA ligase was used for the detection of 
SNPs at adjacent positions to the ligation site.   
Gold probes (1 nM each) and target DNA sequences (1 nM each, either fully 
complementary or single-mismatched) were mixed and hybridized in the presence of 
T4 ligase (300 units), resulting in a typical blue color at room temperature (21 ˚ C) .  
With increase in the temperature to 55 ˚C, the color of a reference solution containing 
a perfectly matched target and no added T4 DNA ligase changed from blue to red due 
to the disassembly of probe-target duplexes at a higher temperature than the melting 
temperature of the duplex. In contrast, the color of the solution containing a 




high-density covalent bonds between the particle probes that hold the particles at 
elevated temperatures. Importantly, the solution that contains T4 DNA ligase and a 




Our system for SNP screening relies on a sandwich assay consisting of a capture 
DNA strand immobilized on a glass substrate, a probe DNA strand attached to a gold 
NP, and a target DNA (Scheme 3.1).   
However, unlike conventional NP-coupled sandwich assay, this system involves 
the incorporation of DNA-templated reactions [39, 40] (e.g., enzymatic DNA ligation) 
between the probe and capture strands. Due to the sequence-specific nature of the 
DNA-templated reactions, the probe strand forms a covalent linkage in a high yield to 
the capture strand only in the presence of a fully complementary target DNA. The 
covalent linkage results in a firm attachment of the NP probe to the substrate. After a 
non-stringent wash and silver amplification, the presence of a perfectly matched target 
can be readily detected with the naked eye or a flatbed scanner. In contrast, targets 
with a single base mismatch adjacent to the DNA-templated reaction site might cause 
instability of the probe-target duplex, particularly at the mismatch position. This 
should give low coupling efficiency between the probe and the capture strands, 
resulting in a considerably clean background of the substrate due to a small number of 






















3.4 Results and Discussion 
 In a typical experiment, we combined oligonucleotide-functionalized NP probes 
with an enzymatic DNA-templated ligation reaction for SNP screening. Aqueous 
solutions containing a NP probe (Au-5’S-ATGTCTAACCTC-OH3'; 100 pM) and 
different target DNA sequences (5’-GAGGTTAGATACXAGGTTAGACAT-3’, X = 
G or A, T, C; 1 nM each) were spotted onto a glass microscope slide modified with a 
capture strand (5'PO4-GTATCTAACCTC-NH-).  
Upon incubation for 30 min in a DNA hybridization chamber, T4 DNA ligase that 
catalyzes the formation of a phosphodiester bond between juxtaposed 5’-phophate and 
3’-hydroxyl termini in duplex DNA was added to the resulting mixture. After 
standing for 5 min, the glass slide was then directly washed with ultra-pure water to 
remove nonspecifically bound particle probes and target DNA strands. Subsequently, 
SNP discrimination is enabled with substantially improved sensitivity and low 
possibility of the false positive by silver amplification of the bound NP probes.  
As anticipated, in the presence of a single-base mismatched target sequence (X = A 
or T, C), no marked darkening of the spotted surface was observed or measured by the 
relative grayscale values taken from flatbed scanner images of the 
oligonucleotide-modified glass surface (Figure 3.3a). In a stark contrast, significant 
darkening of the spotted surface was observed when using a perfectly matched target 
(X = G).  Importantly, our control experiments showed that without added T4 DNA 
ligase the spotted areas did not show marked darkening effects in all cases, 







Figure 3.3 Scanometric images of oligonucleotide-modified glass slides after 
NP-coupled DNA-templated reactions in the presence of (a) different target DNA and 
(b) a perfectly matched target at various concentrations. The corresponding grayscale 















binding of particle probes to the surface.  We also found that the NP-coupled 
DNA-templated reaction allowed the facile semi-quantification of target hybridization 
without stringent washing steps on the basis of the imaged grayscale intensity value of 
the darkened spot (Figure 3.3b).   
Another intriguing feature of the approach is its multiplex ability to recognize SNPs 
at different positions adjacent to the DNA-templated reaction site. As a 
proof-of-concept experiment, a series of target DNA sequences with a single-base 
mismatch at different positions (labeled as X1 to X5) were selected and annealed to the 
probe and capture strands in the presence of T4 DNA ligase. After non-stringent 
washing and silver amplification under standard conditions, our results showed strong 
position-dependent effects of sequence mismatches on DNA-templated ligation 
reactions (Figure 3.4). The efficiency of the ligation reactions rises with an increase in 
the distance (X1 to X4) between the mismatch and the ligation site as measured by the 
grayscale intensities of the darkened areas (Figure 3.4). In excess of a distance of nine 
nucleotide bases (e.g., X5), the effect of mismatch sites on the DNA-templated 
reaction was almost unnoticeable. Note that this limitation by designing different sets 
of particle probe and capture strands to ensure the coupling reaction site in a close 
proximity to the target mismatched SNP site. 
These findings contrast with the solution-based DNA-templated ligation reactions. 
TEM images show the different morphologies of the oligonucleotide-functionalized 
nanoparticle probes in a solution assay, in absence (Figure 3.5a), or in the presence of 







Figure 3.4 Effect of mismatch positions on SNP screening. A representative 
scanometric image of an oligonucleotide-modified glass slide after NP-coupled 
DNA-templated reactions in the presence of a perfectly matched target and 
single-mismatched targets with mismatches at different positions (denoted as X1 to 
X5). The corresponding grayscale values of darkened areas are reported below the 













Figure 3.5 (a) TEM image of the dispersed oligonucleotide-functionalized 
nanoparticle probes (Inset: a high-magnification TEM image of the particle probes). 
(b) TEM image of the particle probes in the presence of a complementary target (Inset: 
a corresponding high- magnification TEM image of the particle probes showing 
aggregated forms of particles. (c) TEM image of the particle probes with added a 
perfectly matched target and T4 DNA ligase (Inset: a corresponding 
high-magnification TEM image of the particle probes). (d) Temperature-dependent 
UV-vis spectra of probe solutions with or without the target and T4 DNA ligase. Note 
that the UV-vis spectrum taken at 55 oC for the probe solution in the presence of the 








T4 DNA ligase (Figure 3.5c). The probe solution in the presence of the target and T4 
ligase at high temperature (55°C) shown in Figure 3.5d confirms efficient covalent 
couplings between the particle probes. However, the target oligonucleotides with a 
single variation where the mismatch position (e.g., X1-X3) adjacent to the ligation site 
is very difficult to be colorimetrically detected (Figure 3.6). In solution-based ligation 
reactions, the presence of non-reacted particles due to mismatched probe-target 
duplexes interferes with colorimetric assays. This system can recover its selectivity 
while the mismatch position moves to a locus far from the ligation site (e.g., X4) 
 
3.5 Summary 
In conclusion, we have developed a straightforward approach for rapid and 
ultra-high sensitive detection of SNPs without complex stringent washing steps.  
Although this approach requires reactions and conditions that are compatible with 
particle probes, we expect that its ability to quickly identify the precise location of the 
single-base mismatch in a target DNA sequence via an array assay format provides a 
time-efficient approach for high-throughput multiplex SNP genotyping.  
As expected, the introduction of enzyme with a DNA-templated reaction into 
biological detection provides a new way for typing of the precise position of SNP in a 
DNA sequence. Ongoing efforts in our group seek to further develop this new 
approach by expanding the reaction scope and coupling it with luminescent 









Figure 3.6 Color responses of the probe solutions for targets with various mismatched 
positions (X1 to X4) at 21 oC and 55 oC in the presence (+) or absence (-) of T4 DNA 
ligase.  Note that the irreversible color responses for lanes 2 and 6 indicate the 














Table 3.1 Oligonucleotides used in this experiment 
Name Description Sequence 
Ps Probe DNA strand SH group 5’SH-ATGTCTAACCTC-OH3’ 
CN Capture DNA strand NH2 group 5’PO4-GTATCTAACCTC-NH23’ 
Cs Capture DNA strand SH group 5’PO4-GTATCTAACCTC-SH3’ 
X1G Target DNA complementary 5’GAGGTTAGATACGAGGTTAGACAT3’ 
X1C Target DNA mismatch (C) at X1  5’GAGGTTAGATACCAGGTTAGACAT3’ 
X1A Target DNA mismatch (A) at X1 5’GAGGTTAGATACAAGGTTAGACAT3’ 
X1T Target DNA mismatch (T) at X1 5’GAGGTTAGATACTAGGTTAGACAT3’ 
X2 Target DNA mismatch (T) at X2 5’GAGGTTAGATACGTGGTTAGACAT3’ 
X3 Target DNA mismatch (C) at X3 5’GAGGTTAGATACGACGTTAGACAT3’ 
X4 Target DNA mismatch (C) at X4 5’GAGGTTAGATACGAGCTTAGACAT3’ 
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CHAPTER 4: Ultra-Sensitive Colorimetric DNA Detection via 
Nicking Endonuclease-Assisted Gold-Nanoparticle Amplification 
 
4.1 Backgrounds and Motivation 
The ultra-sensitive detection of specific DNA sequences by using simple and 
inexpensive assays is very significant in clinical diagnostics, disease prevention, and 
biodefense applications.[1, 2] Conventional methods using radioactive 32P-labeled 
nucleic acid probes or polymerase chain reaction (PCR) coupled with molecular 
fluorophore assays offer high sensitivity of detection, but they suffer from several 
drawbacks including complex handling procedures, easy contamination, high cost, 
and lack of portability.[3-9] In contrast, noble metal nanoparticle-based homogeneous 
colorimetric detection of oligonucleotides holds great promise for low cost, small 
volume, and rapid read-out of a target DNA sequence.[10-19] A typical metallic 
nanoparticle probe based DNA biosensor is designed into a sandwich structure, which 
can fast sense and detect the sequence of a target oligonucleotide by monitoring color 
change of probe solution. Moreover, the colorimetric system can be coupled with 
other technologies such as the silver enhancement in a chip-based assay format for 
further sensitivity. Despite these attractions, there still exist a number of notable 
challenges associated with this detection system such as relatively low sensitivity and 
need of stringent control over melting temperatures for detection of a single base 
mismatch in DNA. In addition, this system is generally limited to the detection of 
short single-stranded oligonucleotides. Therefore, it should be highly desirable to 




operation, but also ultra-sensitive for oligonucleotides and long DNAs. To archive 
this motivation, we developed a homogeneous colorimetric DNA detection by a novel 
nicking endonuclease-assisted nanoparticle amplification process that is capable of 
recognizing long single-stranded oligonucleotides with single-base mismatch 
selectivity and a 103-fold improvement in amplification (~10 pM).  
An endonuclease is a type of enzyme that can cleave the phosphodiester bond 
within an oligonucleotide. In a typical DNA cleavage reaction, an endonuclease can 
hold on to a specific DNA sequence (recognition site) firstly, and then cleave a 
phosphodiester bond at a specific position in this DNA chain. In contrast to 
exonucleases that cleave phosphodiester bonds at the end of an oligonucleotide chain, 
endonucleases can cleave them at specific sites within a long DNA chain. The 
introduction of an endonuclease into a biological sensor system provides a new way 
for ultra-sensitive detecting a low-concentration DNA. 
 
4.2 Materials and Methods 
4.2.1 Reagents and characterization 
All chemicals and oligonucleotides (Table 4.1) were purchased from Sigma 
Aldrich Chemical Company unless otherwise noted. The UV―vis spectra were 
obtained by a SHIMADZU UV-2450 spectrophotometer. A HP CM-10 transmission 






4.2.2 Preparation of DNA/gold NP probes  
Approximately 14 nm gold nanoparticles were prepared by the reduction of 
HAuCl4 using a literature method. [20] Gold nanoparticle probes were prepared 
according to reference.[17] The 3’- or 5’-terminal disulfide groups of the 
oligonucleotide strands are first cleaved by soaking them in a 0.1 M dithiothreitol 
(DTT) phosphate buffer solution (0.1 M phosphate, pH 8.0) for 2 hours and 
subsequently purified on a NAP-5 column (GE Healthcare). To 4.5 mL of gold 
colloid solution is added 12 nmol of the purified oligonucleotide. The solution is 
brought to 0.3 M NaCl, 10 mM NaH2PO4/Na2HPO4, pH 7 buffer (0.3 M PBS) 
gradually by adding aliquots of 5 M NaCl and 0.1 M NaH2PO4/Na2HPO4, pH 7 buffer 
solutions every 4 hours. After 48 hours, the nanoparticle solutions were centrifuged 
and redispersed in 0.3 M NaCl, 0.01 M phosphate buffer prior to use for target DNA 
detection. 
 
4.2.3 Endonuclease-assisted oligonucleotide sequence detection 
In a typical detection procedure, a solution containing 1 μl of NEBuffer 2 (New 
England Biolabs), 1 μl of a linker DNA strand (a’b’; 1 pmol), and 1 μl of a specified 
amount of target DNA were added to a PCR tube. Upon incubation at 58 °C for 5 min, 
a NEase (1 μl Nt.AlwI; 10 units) was added to the solution in a total volume of 10 μl. 
After standing for 2 h, the resulting mixtures were heated at 80°C for 20 min to 
deactivate the nicking enzyme, followed by the addition of a mixture containing 40 μl 




The colorimetric response of the solution was recorded by a Canon PowerShot G9 
digital camera in 30 min and parallel compared to a control with no added target DNA. 
Target oligonucleotide detection was repeated via this procedure for at least three 
times. 
 
4.2.4 Melting analysis  
To determine the optimum concentration of the linker DNA strand for notable 
colorimetric response, thermal melting analyses were carried on the aggregated 14 nm 
modified gold probes using a SHIMADZU UV-2450 spectrophotometer equipped 
with a SHIMADZU temperature controller. Gold probe/linker oligonucleotide 
(5’-AAA-GGA-TCG-AAT-AAG-AGG-TCC-TTC-3’) solutions were prepared by 
adding different amounts of the linker oligonucleotide (1, 2 and 4 pmol) to a 40 μl 
solution containing a 1:1 ratio of gold particle probes a and b (2 nM each). Each of 
these solutions was then diluted to 100 μl with a 0.3 M NaCl, 10 mM phosphate 
buffer (pH=7). The final concentration of the linker strand in each solution was 10, 20 
and 40 nM, respectively. After standing at room temperature for 3 h, the solutions 
were diluted to 200 μl with the same buffer solution. UV―vis spectra were 
subsequently recorded by monitoring the extinction at 520 nm for the dispersed 
particle probes, as the temperature was increased from 25 to 70°C with a holding time 






In conventional homogenous nanoparticle-based colorimetric DNA detection, a 
three-component sandwich assay format that includes a target DNA and two sets of 
oligonucleotide-modified nanoparticle probes is typically used. The target DNA also 
serves as a linker DNA strand which triggers particle aggregation and a concomitant 
color change. Thus, the colorimetric detection limit is directly associated with the 
minimum number of the linkers required to initiate particle aggregation that can be 
visualized with the naked eye. At low linker concentrations, nanoparticle aggregates 
do not exhibit sharp colorimetric melting transitions (Figure 4.1). Larger particle 
probes and reduced oligonucleotide surface coverages can improve assay sensitivities, 
but the rate of sedimentation of larger particles becomes more significant.[15]   
To increase the sensitivity of homogeneous nanoparticle-based assays, we have 
developed a detection system containing an additional oligonucleotide strand as the 
linker and a nicking endonuclease (NEase) (Scheme 4.1). Unlike restriction enzymes, 
the NEase recognizes specific nucleotide sequences in double-stranded DNA and 
cleaves only one of the two strands.[21-24] In our detection system, the NEase is 
specifically designed to cleave only the linker strand. After nicking, the fragments of 
the linker strand spontaneously dissociate from the target DNA at an elevated 
temperature. Subsequently, another linker strand hybridizes to the target to continue 
the strand-scission cycle, resulting in cleavage of a large molar excess of linkers.  
Upon completion of the strand-scission cycle, two sets of different oligonucleotide 
modified gold nanoparticles with sequences complementary to that of the linker 
























Figure 4.1 (A) Thermal denaturation profiles for aggregated 2 nM 14-nm gold 
nanoparticle solutions (1:1 gold probe ratios) in the presence of a linker strand at 
different concentrations (0, 10, 20, and 40 nM). (B) Photographs showing 
corresponding colorimetric responses of the solutions. Note that when the 
concentration of the linker strand is decreased to 10 nM, the melting profile exhibits a 
broad melting transition, resulting in negligible colorimetric response. The optimum 
low concentration of the linker strand for notable color change was determined to be 
20 nM as shown in Figure 4.1 B. The results imply that in the design of a 
NEANA-based detection system ~ 50% of the linker strand needs to be cleaved by a 





DNA is non-complementary to the target DNA, particle aggregation shall occur. An 
undetectable amount of target DNA by the conventional approach may become 
detectable through this dual signal amplification process. 
 A four-component sandwich assay format was also examined for colorimetric 
DNA detection. The low sensitivity obtained is probably due to inefficient cleavage of 
the linker strand from inhomogeneous nicking reactions by particle probe 
aggregation. 
 
4.4 Results and Discussion 
 To test the feasibility of our system for DNA detection, we first prepared various 
concentrations (1 pmol, 0.1 pmol, 0.01 pmol, 1 fmol and 0.5 fmol) of a 24-base 
single-stranded target DNA (designated as t1) containing the recognition sequence 
(-GATCC-) of a NEase (Nt.AlwI). A single-stranded linker DNA (a’b’; 1 pmol) with 
its sequence complementary to the target DNA was then added to each of these 
solutions. Upon incubation at 58oC for 5 min, the NEase (10 units) was added to the 
solutions. After standing for 2 h, the resulting mixtures were heated at 80oC for 20 
min to deactivate the nicking enzyme, followed by the addition of a mixture 
containing 40 μl of two different 15-base oligonucleotide-modified gold nanoparticle 
probes (a and b).  As anticipated, no apparent particle aggregation was detected for 
all solution samples even after prolonged (> 30 days) storage (Figure 4.2, b-f), 








Figure 4.2 Photograph showing colorimetric responses of a NEANA detection system 
that comprises a linker strand a’b’, Nt.AlwI, probes a and b in the presence of various 
concentrations of a single-stranded target DNA (t1). The labeled concentrations (20 
nM, 2 nM, 200 pM, 20 pM and 10 pM) are calculated final target concentrations in 














target-templated strand-scission cycles. In contrast, precipitation of the aggregates 
was readily observed in the absence of the target strand in solution (Figure 4.2a).  
To validate sequence-specificity of the detection system, we prepared several 
different target DNA strands containing a single base mismatch at the NEase 
recognition site. We found that a single mismatch is sufficient to inhibit the cleavage 
of the linker strand. In all cases, the mismatched target strands were quickly detected 
as evidenced by the formation of particle aggregates (Figure 4.3a). The 
sequence-specificity of this approach is attributed to the requirement of full 
complementarity between the target DNA and the linker strand at the NEase 
recognition site and sufficient complementarity beyond the NEase recognition site to 
allow efficient hybridization.   
In addition to detection sensitivity and sequence specificity, this approach also 
demonstrates remarkable generality for target DNA with varied base numbers. One of 
the major challenges for conventional nanoparticle-based three-component sandwich 
assay lies in the detection of long single-stranded DNA sequences. It generally 
requires an increase in the length of the particle probes as the base number of the 
target strand increases. For relatively long stranded oligonucleotide-modified 
nanoparticles, colloidal instability and cross-hybridization interference between parts 
of the particle probes become significant problems. In contrast, a fixed set of particle 
probes and a linker strand in our system can be readily extended to detection of long 









Figure 4.3 Photographs showing colorimetric detection of various target DNA strands. 
a) Oligonucleotides (t2-t4) with different single mismatches at the NEase recognition 
site and b) Oligonucleotides (t5-t7) with different base numbers. The mismatch and 













colorimetric detection of a range of oligomers (36mer, 48mer, and 80mer) was 
achieved within several hours without the need of modifying the particle probes.   
 
4.5 Summary and Prospect 
4.5.1 Summary 
In summary, we have demonstrated homogeneous, colorimetric DNA detection 
through use of a novel endonuclease-assisted method that utilizes a combination of 
particle probes, a linker strand and a NEase. This system offers handling convenience 
and ultrahigh detection sensitivity and selectivity, while providing additional 
detection versatility for long stranded DNA sequences. The unoptimized system 
provides a colorimetric detection limit of 0.5 fmol for a single-stranded 
oligonucleotide within several hours. Although only a few naturally occurring DNA 
nicking endonucleases are currently available, this approach may prove particularly 
useful for rapid detection of point mutation or single nucleotide polymorphisms.  
 
4.5.2 Prospect 
The approach could be further improved in the detection sensitivity by combined 
with luminescent particle probes [25-35] (e.g., quantum dots and upconversion 
nanoparticles) and advanced analytical techniques [36-52] (e.g., chip-based 
scanometric assays and electrochemical methods). More importantly, upon 




range of other targets including biological macromolecules, aptamer-binding small 
molecules, and metal ions at ultra-low concentrations. [53-60]  
Despite of these attractions, these methods still have some challenges in the assay 
format, which can be further improved by changing the design. For example, one of 
challenges is that the target DNA has to contain a fragment of recognition sequence 
(-GATCC-) of a NEase (Nt.AlwI). The existence of recognition sites in target DNA 
sequences obviously limits this approach to be used in some genotyping applications. 
Therefore, we change the design by introducing a new DNA structure (designated as 
Y junction DNA), and move the recognition sequence to other part of this DNA 
system. The basic prototype of a Y junction DNA sensor system can be described in 
scheme 4.2. One of the detection probes, Probe DNA 1, contains a recognition 
sequence (-GATCC-) of an endonuclease (Nt.AlwI). Nicking endonucleases only 
cleave DNA while in the formation of double-stranded DNAs; therefore Probe DNA 1 
cannot be cleaved by Nt.AlwI unless it hybridizes with a complementary strand to 
form a duplex. Probe DNA 1 contains two regions that are complementary to part of a 
target DNA and part of Probe DNA 2. Probe DNA 2 also contains two regions: a 
6-mer region that is complementary to part of probe DNA 1 and a region that is 
complementary to another part of a target DNA. The melting temperature of the 
duplex that results from probe DNA 1 annealing to probe DNA 2 is very lower than 
room temperature. Therefore, it was expected that in the absence of a target DNA that 
can enhance the hybridization of Probes DNA 1 and 2, Nt.AlwI will be unable to 





















predominately exist in a single strand state at the room temperature. However, in the 
presence of a DNA target, probes DNA 1 and 2 and target DNA will hybridize to 
form a ternary “Y” junction structure (Y junction 1, see Scheme 4.2). One arm of the 
Y junction structure contains a cleavage site for Nt.AlwI and will be subsequently 
cleaved by this endonuclease. The cleavage will then result in another ternary 
structure (Y junction 2, a nick in Probe DNA 1), which has a lower melting 
temperature than Y junction 1. Subsequently, another new Probe DNA 1 will 
hybridizes to Probe DNA 2 and the target by replacing the nicked strand to continue 
the strand-scission cycle, resulting in cleavage of a large molar excess of Probe DNA 
1, which can be detected by gold NP probes. Ongoing efforts focus on in further 















Table 4.1 Oligonucleotides used in this experiment 
Name Description Sequence 
a Probe DNA a 5’ATTCGATCCTTTCTA-SH3’ 
b Probe DNA b 5’ HS-CTAGAAGGACCTCTT3’ 
a’b’ Linker DNA 5’AAAGGATCGAATAAGAGGTCCTTC3’ 
t1 Target DNA 1 5’GAAGGACCTCTTATTCGATCCTTT3’ 
t2 Target DNA 2 5’GAAGGACCTCTTATTCGCTCCTTT3’ 
t3 Target DNA 3  5’GAAGGACCTCTTATTCCATCCTTT3’ 
t4 Target DNA 4 5’GAAGGACCTCTTATTCGAACCTTT3’ 
t5 Target DNA 5 5’CAGTATGAAGGACCTCTTATTCGATCCTTTGAAT
CA3’ 
t6 Target DNA 6 5’AAATCTCAGTATGAAGGACCTCTTATTCGATCCT
TTGAATCAGCAGGA3’ 
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CHAPTER 5: Gold Nanogap-based Electrical DNA Detection by 
using Gold Nanoparticle/DNA Conjugates 
 
5.1 Backgrounds and Motivation 
There has been considerable interest in developing methods for rapid and 
sensitive detection of biological molecules such as DNA and proteins in biodefence 
and drug discovery applications.[1-2] Fluorescence-based optical detection methods 
are widely used in various settings, but these methods require labeling of the target 
molecules and generally exhibit a relatively low detection sensitivity and thus are not 
suitable for rapid and inexpensive detection of small quantities of target 
molecules.[3-6] Electrical detection schemes have recently gained significant 
attention because they are label-free and capable of rapidly detecting minuscule 
quantities of molecules.[7-15] Among electrical-based detection methods, nanogap 
devices that comprise a pair of electrodes with separations in the order of nanometers 
have been intensively investigated.[11-20] Several approaches, including 
nanoimprinting,[15] electron beam lithography,[21-22] dip-pen lithography,[23] 
shadow masking,[24] electrochemical etching/deposition,[25] and thermally-assisted 
electromigration of lithographically defined narrow thin wires,[26-31] have been 
demonstrated to fabricate sub-100 nm gaps. However, these nanogaps have 
limitations for biological detection in aqueous solutions under near-physiological 
conditions (i.e., high ionic strength) [32] as the current flowing through the gap can be 
orders of magnitude smaller than the parallel ionic current flow between the 




describes an approach to fabricate polymer-protected gap electrodes but with 
relatively large gap junctions (25-100 nm) that could potentially be used to address 
this ionic-current issue.[35] 
Here we present a facile approach for rapid and inexpensive sensing of DNA 
strands in aqueous solutions by using sub-2 nm nanogaps. This nanogap device 
comprises a pair of gold electrodes that are covered by a layer of polymer, which can 
significantly minimize non-specific binding of DNA molecules and nanoparticles.  
 
5.2 Materials and Methods 
5.2.1 Reagents and characterization 
All chemicals and oligonucleotides (Table 5.1) were purchased from Sigma 
Aldrich Chemical Company unless otherwise noted. 15 nm diameter gold 
nanoparticles (Au NPs) were prepared by following a literature method. [36] Gold 
nanogaps and PMMA-protected gold nanogaps were manufactured in Prof. Thong’s 
group in the Department of Electrical and Computer Engineering, National University 
of Singapore (NUS) [37].  
All SEM pictures were taken by SEM (Philips XL 30, FEG). Tunneling I-V 
characteristics of nanogaps were monitored by a Keithley 4200 parameter analyzer.  
 
5.2.2 Functionalization of Au NPs and nanogap electrodes 
The 3’- and 5’-terminal disulfide of oligonucleotides strands were first cleaved by 




purified with a NAP-5 column purchased from GE Healthcare Ltd. The gold colloid 
solution was then mixed with the purified thiol-DNA solution and left overnight. The 
concentration was gradually increased to 0.3 M NaCl, 10 mM NaH2PO4/Na2HPO4, 
pH 7 buffer (0.3 M PBS buffer) every 4 hours. After 48 hours, the nanoparticles were 
centrifuged and re-dispersed in 0.3 M PBS buffer. The surface modification of 
nanogap electrodes with thiolated oligonucleotides was carried out via a similar 
procedure. The gold nanogap electrodes were immersed into the purified 
thiol-modified DNA solution. For the strong bond force between thiol group and gold 
atoms, DNA molecules self-assembled onto the substrates of gold electrodes. Finally, 
these electrodes were put into 0.3 M PBS buffer prior to use. 
 
5.2.3 DNA detection through Au NPs assembly on nanogap electrodes 
For DNA detection, the nanogap substrate was immersed into a mixed solution of 
probe DNA functionalized Au NPs (2 nM) and target DNA (1 µM; final target 
concentration). The device was then incubated at 65 °C for 20 min and slowly cooled 
down. When capture and probe DNAs were fully complementary with target DNA 
sequences, Au NPs would assemble on the substrates of gold electrodes (Figure 5.1a) 
by the formation of double strand DNAs.  
 
5.3 Principle 
 Our nanogap sensor consists of two DNA elements, 1) probe DNA modified on 








Figure 5.1 Au NPs assembly on the substrates of gold electrodes (large gap (a), and 











Scheme 5.1 Schematic of target DNA detection by a detection system that comprises 















one set of DNA-functionalized Au NP probe (labeled as Probe DNA: 
5'GCTGTGCCTAAT-S-Au) and another capture DNA strand immobilized on gold 
electrode substrates (labeled as Capture DNA: Au electrode-S-ATATGCTAGTCG3'). 
In this system, the DNA-functionalized Au NP probe is most significant for electrical 
detection of DNAs. For example, in the presence of fully complementary target DNAs, 
the DNA/Au NP probe can connect with two capture DNAs in the formation of a 
particular double sandwich structure (Scheme 5.1). Therefore, a certain amount of Au 
NPs will assemble on nanogaps (Figure 5.1a), which can amplify the current signals 
flowing across the gap, resulting in the change of I-V characteristics. In the absence of 
complementary DNAs, or in the presence of mismatched target DNAs, There three 
DNAs are not able to form the duplex structures due to the lower melting 
temperatures than the operation temperatures. Thus, the I-V characteristics do not 
show any differences with blank nanogaps (Figure 5.2c).  
However, one obvious limitation of this method as mentioned above is difficult 
for electrical DNA detection in near-physiological solutions, because the current 
flowing across the gap can be smaller than the parallel ionic current flow between the 
macroscopic electrodes. Therefore, additional procedures such as electrode drying 
have to be performed before electrical measurement. Unfortunately, NaCl and other 
ionic crystals will precipitate on nanogaps after drying of electrodes (Figure 5.1b). 
The need of a drying procedure and precipitation of ion crystals make this system 
relatively complicated and impractical for fast sensing of DNAs in really 




biosensor for DNAs by using a nanogap protected by polymers (e.g., PMMA).  
 
5.4 Results and Discussion 
As a proof-of-concept experiment, a physiological solution consisted of the probe 
DNA functionalized Au NPs (2 nM) was spotted onto a gold nanogap device modified 
with the capture DNA. Upon addition of a complementary target DNA (1 μM) for 2 
hours and then washed with 0.3 M PBS buffer for 10 times, it is very obvious that 
there was a large amount of Au NPs assembled on the electrode, which could even be 
visual by naked eyes as evidenced by the red color of Au NPs shown on electrodes. In 
sharp contrast, in the absence of target DNA, the electrode did not show a color 
change that indicated no Au NP aggregates onto the nanogap device. SEM pictures 
also confirmed that Au NPs were successfully linked to substrates only in the 
presence of target DNAs (Figure 5.2c and d). After drying, these electrodes were 
measured by a parameter analyzer. There was a remarkable conductivity change 
between the two nanogaps with or without treatment of target DNA strands.  
We also examined the polymer-protected nanogap for DNA detection application 
in aqueous solutions. The exposed electrodes were modified with a single-stranded 
oligonucleotide (Capture DNA strands) and placed into a solution (0.3 M PBS buffer 
solution) of 15 nm Au NPs modified with a different single-stranded oligonucleotide 
(Probe DNA strands) (Figure 5.3a). [38,39]  In the presence of a complementary 
target DNA (Target DNA strand), the nanogap device showed a marked increase in 








Figure 5.2 I-V characteristics of the nanogap before (a) and after (b) DNA 
hybridization in the presence of Au NPs in a dry model. SEM images of gold 
nanogaps show that nanoparticle assembly in the vicinity of the nanogap electrodes 















Figure 5.3 (a) Schematic of target DNA detection by a detection system that 
comprises a PMMA-protected nanogap and oligonucleotide-modified Au 
nanoparticles. (b) SEM image of a nanogap showing nanoparticle assembly in the 
vicinity of the nanogap electrodes upon DNA hybridization. The dashed red circle 
indicates the approximate position of the original PMMA hole structure. (c) I-V 
characteristics of the nanogap before and after DNA hybridization in the presence of 









DNA the nanogap showed essentially unaltered electrical conductance as no Au NP 
assembled. Comparative SEM images of Au NP assembly on test samples with 
mismatched target and with complementary target are shown in Figure 5.4. The target 
DNA-induced electrical response is attributed to the controlled assembly of Au NPs in 
the vicinity of the nanogap thereby providing an additional current pathway. This was 
confirmed by SEM characterization of the nanogap, showing high density of 
nanoparticles precisely assembled into the electrode gap (Figure 5.3c). It should be 
noted that without the PMMA layer protection, the measured ionic current (~10-8 A) 
through a bare nanogap device completely masks the electrical read-out signal (~ 10-10 
A) in the event of DNA hybridization. 
 
5.5 Summary 
In summary, we have presented a new approach for rapid and inexpensive 
sensing of DNA strands in aqueous solutions by using self-aligned PMMA-protected 
sub-2 nm nanogaps. Importantly, the self-aligned polymer protected ultra-small 
nanogaps exhibit two orders of magnitude reduction in parasitic ionic currents and 
thus offer markedly improved signal-to-noise ratio, which should find particularly 
useful applications for in situ biological detection directly in aqueous solutions under 
near-physiological conditions. We have demonstrated here the application for wet 
DNA sensing, focusing primarily on ionic current reduction by the polymer hole. In 
fact, this application for DNA sensing has not reached the limit of the 







Figure 5.4 (a) Random occurrences of nonspecific Au NP binding, using mismatched 
target DNA strands (5’GCGACGATCAGCAGTACGCCATGG3’). (b) Au NPs 
assembly with complementary Target (5’ATTAGGCACAGCCGA CTAGCATAT3’). 
















It should be noted that the polymer-protected sub-2 nm nanogap is capable of 
capturing molecules, peptides or DNA, which are much smaller than the 15 nm Au 
NPs used here, and detecting/studying these molecules in aqueous solution.[40,41] 























Table 5.1 Oligonucleotides used in this experiment 
Name Description Sequence 
a Probe DNA a 5'GCTGTGCCTAAT-SH3’ 
b Capture DNA b 5’SH-ATATGCTAGTCG3' 
a’b’ Target DNA 5’ATTAGGCACAGCCGA CTAGCATAT3’  
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CHAPTER 6: Luminescent Probes based on DNA/Lanthanide-doped 
Nanoparticle Conjugates 
 
6.1 Backgrounds and Motivation 
 Luminescent probes enable scientists to encode chemical information and detect 
particular components of complex biomolecular assemblies, such as live cells, with 
substantial sensitivity and selectivity. [1-2] A multicolor sensing experiment entails 
the deliberate introduction of two or more luminescent probes to simultaneously 
monitor different biochemical functions, which has significant applications in areas as 
diverse as drug discovery, catalyst screening, DNA sequencing, fluorescent 
microscopy, and clinical diagnostics. [3-11] Ideal probes for multicolor sensing would 
exhibit considerable photochemical stability, strong absorption at a coincident 
excitation wavelength and well-separated emission spectra with narrow bandwidths. 
Most common dye probes have low photobleaching thresholds, require different 
excitation wavelengths, and exhibit broad emission spectra. [12-13] In contrast, 
quantum dots (QDs) exhibit relatively narrow emission band widths of 20 to 30 nm 
[full width at half maximum (FWHM)] by single wave length excitation, [14-21] but 
they can suffer from cytotoxicity in vivo, fluorescence intermittency, stringent 
synthesis conditions for particles with a narrow size distribution (~5%), and limited 
distinguishable features in the emission spectra. [22-27] The single emission peaks 
resulted from excitation of QDs of similar sizes make spectral interpretation difficult 
when overlapping spectral features become predominant. [26] 




of luminescent probes, [28-37] because they hold many superior optical properties 
such as sharp emission band widths and multiple peak patterns as mentioned in 
Chapter 1. However, most of these approaches based on down conversion NPs 
involve excitation in the ultraviolet or blue spectral region, thereby resulting in 
limitation in bio-applications due to their photodamage to biological molecules. In 
harsh contrast, upconversion Ln-doped NP uses near-infrared (NIR) excitation, which 
offers an alternative solution for detection of biological analytes that are 
photo-sensitive.  
 In this chapter, we focus on the surface modification of upconversion Ln-doped 
NPs and the utilization of these NPs for a proof-of-concept detection. 
 
6.2 Materials and Methods 
6.2.1 Reagents and characterization 
All chemicals including lanthanide salts, 1-octadecene, tetraethylorthosilicate 
(TEOS), oleic acid, and polyoxyethylene (5) nonylphenylether (CO520) were all 
purchased from Sigma–Aldrich and used as starting materials without further 
purification. All oligonucleotides, phosphate buffer, and sodium chloride solution 
were purchased from 1st BASE Pte Ltd, Singapore. Upconversion NPs (NaYF4 
co-doped with Yb/Er or Yb/Tm, Figure 6.1a and b) in organic solution were prepared 
by Dr. Wang Feng according to literature methods. [38] TEM measurements were 
carried out on a JEL-1400 transmission electron microscope (JEOL) operating at an 







Figure 6.1 Typical TEM images of upconversion NPs including NaYF4 co-doped 




































monochromator equipped with a R928 photon counting photomultiplier tube (PMT), 
in conjunction with a 980 nm diode laser. 
 
6.2.2 Synthesis of hydrophobic Au nanoparticles  
0.10 mmol (40 mg) of HAuCl4.H2O was added to 10 ml of oleylamine under N2 
or Argon (Ar) gas with constant stirring. Heated the mixture at 150°C for 1 hour; a 
series of color change occurred, as the solution changed from dark orange-yellow to 
pale yellow, then to pale pink followed by darker pink/light red, finally wine red. The 
hydrophobic Au NPs were washed with methanol or ethanol, and redispersed in 
hexanes. (Figure 6.1c) 
 
6.2.3 Synthesis of silica-coated upconversion nanoparticles 
Silica-coated upconversion NP (Figure 6.2) was synthesized by a literature 
method [39]: CO-520 (0.1 ml), cyclohexane (9.6 ml) and upconversion nanocrystal 
solution in cyclohexane (0.4 ml) were mixed and stirred for 10 min. Then CO-520 
(0.4 ml) and ammonia (NH3H2O) (0.1 ml, 30 wt %) were added and the container was 
sealed and sonicated for 20 min until a transparent emulsion was formed. TEOS (0.04 
ml) was then added into the solution, and the solution was rotated for two days. 
Silica-coated upconversion nanoparticles were precipitated by adding acetone, and 
washed with ethanol/water (1:1 v/v) twice and then stored in water. 
 







Figure 6.2 Typical TEM images of silica-coating upconversion NPs of NaYF4 
co-doped with Yb/Er (a) and Yb/Tm (b). Right pictures are photographs showing 
transparency of the particle solutions and luminescent photos upon excitation at 









Silica-coated upconversion NPs were treated with an ethanol solution of 
3-aminopropyl-triethoxysilane (C9H23NO3Si: ethanol = 1:2 v/v) for 30 minutes. After 
washing with ethanol, these nanoparticles were incubated into a dimethylformamide 
(DMF) solution of succinic anhydride (0.05 M) for 24 hours to convert the terminal 
amino groups to carboxylic acids. 
Oligonucleotides (W6: 5'NH2-CGCATTCAGGAT3’; 4 nM) dissolved in a 310 μl 
phosphate buffer (PB) solution (0.1 M phosphate buffer, pH 7.0) containing 40 μl 
N-Hydroxysuccinimide (NHS, 0.01 M) and 20μl 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC·HCl, 0.01M) were then mixed with silica-coated 
upconversion nanoparticles (90μl). The mixed solution was placed into a tube for 
incubation at room temperature overnight. After functionalization of the capture 
strands, these nanoparticle probes were centrifuged, washed by PB buffer and then 
stored in PB solution. 
 
6.2.5 Preparation of gold nanoparticle probes in aqueous solution 
The 3’- terminal disulfide groups of the oligonucleotide strands (W1: 
3’S-ATGCTCAACTCT5’; 4 nM) were first cleaved by soaking them in a 0.1 M 
dithiothreitol (DTT) phosphate buffer solution (0.1 M phosphate, pH 8.0) for 2 hours 
and subsequently purified on a NAP-5 column. To a 2.4 ml of gold colloid solution 
was added 4 nmol of the purified oligonucleotide. The solution was then brought to a 
0.3 M NaCl, 50 mM PB buffer solution gradually by adding aliquots of 5 M NaCl and 








 Herein, a proof-of-concept detection system based on a lanthanide resonance 
energy transfer (LRET) system was discussed. Two different 12-base oligonucleotide 
modified Au nanoparticle and silica-coated upconversion nanoparticle probes (W1 
and W6, respectively) would align in a tail-to-tail fashion when in presence of a 
complementary target oligonucleotide (TF). The LRET process would occur if the 
distance between lanthanide and gold nanoparticles was close enough. [40] 
 
6.4 Results and Discussion 
The LRET property of upconversion nanoparticle was first determined in a 
simple mode for the quenching of the emission of the energy donor by using an 
acceptor (Au nanoparticle). Generally, mono-dispersed upconversion nanoparticle 
(0.04 M) in cyclohexane solution was mixed with hydrophobic Au nanoparticles with 
the same concentration to prepare a mixed acceptor-donor solution, and then this 
solution was centrifuged to make upconversion and gold nanoparticles closely packed, 
resulting in an efficient LRET system. Upconversion luminescent spectra were 
measured by using a DM150i monochromator. Upon excitation with a diode 980nm 
laser, the pure upconversion nanoparticle [NaYF4 co-doped with Yb/Er (18/2 mol %)] 




which is significantly stronger than the emission (4F9/2→4I15/2) in red range at 660 nm, 
showing an overall green color emission. In contrast, when upconversion and gold 
nanoparticles were closely packed, the relative intensity of the green emission 
dramatically decreases as it shows more red than the original upconversion 
nanoparticle. (Figure 6.3a) 
In a further set of experiments, silica-coated upconversion nanoparticle/DNA and 
Au nanoparticle/DNA probes (0.01 M, each) were mixed into a PB standard solution. 
These two nanoparticles would aggregate and form a network NP structure when in 
presence of a target DNA that is fully complementary to two probe DNAs. In sharp 
contrast to closed packed Au and upconversion nanoparticle structure, the relative 
intensity of the green emission in this system did not show a dramatic decrease. One 
of the possible reasons is that the distance between the Au and upconversion 
nanoparticles are too long, leading to an insufficiency of lanthanide resonance energy 
transfer. (Figure 6.3b)  
 
6.5 Summary 
 In conclusion, we have demonstrated a proof-of-concept LRET system based on 
upconversion nanoparticle [NaYF4 co-doped with Yb/Er (18/2 mol %)] as a donor and 
Au nanoparticle as an acceptor. This new optical detection approach provides an 
opportunity for multiple sensing of various biological analytes. Despite the gains, 
many significant challenges remain before this method can be practically used in real 







Figure 6.3 (a) Scheme (left) and spectrum (right) of silica-coating upconversion and 
Au NP probes packed by formation of double stranded DNA structure in aqueous 
solution; (b) Scheme (left) and spectrum (right) of upconversion and Au NPs closely 










modification of upconversion NPs with suitable-thickness coating that show high 
colloidal stability in aqueous solution. Further efforts are also needed to focus on the 
improvement of the relative emission intensity of upconversion NPs in aqueous or 
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CHAPTER 7: Conclusions and Future Works 
 
In this dissertation, we have developed a series of novel and practical biosensors, 
which were formed by a nanoparticle (NP) as a transducer and an oligonucleotide as a 
receptor. These biosensors have been utilized to screen and detect various chemical 
and biological targets (e.g., metal ions and ssDNA with single nucleotide 
polymorphisms (SNPs)) in combination with numbers of new approaches, which 
included metal ion-nucleobase coordination chemistry, chip-based silver amplification, 
restrict endonuclease based upon NEANA approach, wet DNA sensing method 
focusing on ionic current reduction by the polymer hole, and lanthanide resonance 
energy transfer system. 
In most parts of this thesis (from Chapter 2 to Chapter 5), we focused on gold 
nanoparticle based DNA sensors. In Chapter 6, we provided a prototype of 
DNA/Upconversion NP biosensor. The major findings of this thesis study include the 
following: 
Firstly, we demonstrated a new biosensor with a sandwich structure for 
colorimetric detection of mercuric ions (Hg2+) at room temperature. Our novel 
biosensor for Hg2+ was composed of three elements including two types of DNA 
functionalized gold NP probes and an appropriate linker DNA probe. This sensor 
readily detects Hg2+ in aqueous solutions and in the presence of excessive other metal 
ions. More interestingly, this biosensor can be rationalized for use to detect other 




bases. Complementary to instrument-based ultrahigh sensitive methods with 
electronic read-out circuits (e.g., DNAzyme catalytic beacons) for accurate metal ion 
identification, this instrument-free assay should afford a practical and convenient 
solution, particularly in remote areas for rapid screening of Hg2+ contamination. In the 
prototype of this sensor, the detection limitation of Hg2+ is about 1μM. However, the 
detection limit of sub-10nM (U.S. EPA standard) in drinking water can be principally 
reached by preconcentrating the water solution through evaporation or by coupling 
the detection system with a signal amplification method (e.g., gold NP-promoted 
silver amplification). Our effort along this line is currently underway. 
Secondly, we developed a chip-based approach for rapid and ultra-high sensitive 
detection of SNPs without complex stringent washing steps. Although this approach 
required reactions and conditions that were compatible with particle probes, we 
expected that its ability to quickly identify the precise location of the single-base 
mismatch in a target DNA sequence via an array assay format provided a 
time-efficient approach for high-throughput multiplex SNP genotyping. Ongoing 
efforts in our group seek to further develop this new approach by expanding the 
reaction scope and coupling it with luminescent upconversion nanocrystals for 
improved sensitivity and multiplex capability. 
Thirdly, we demonstrated an enzyme-based colorimetric DNA detection through 
use of NEANA that utilized a combination of particle probes, a linker strand and a 
NEase. This system offered ultrahigh sensitivity for detection single stranded 




limitation of this colorimetric system was about 0.5 fmol for a single-stranded 
oligonucleotide within several hours. Although only a few naturally occurring DNA 
nicking endonucleases are currently available, this approach may prove particularly 
useful for rapid detection of point mutation or single nucleotide polymorphisms. 
When combined with luminescent particle probes (e.g., quantum dots and 
upconversion nanoparticles) and advanced analytical techniques (e.g., chip-based 
scanometric assays and electrochemical methods), the approach should further 
improve the detection sensitivity. More importantly, upon modification, the approach 
presented herein could also be extended to detect a broad range of other targets 
including biological macromolecules, aptamer-binding small molecules, and metal 
ions at ultra-low concentrations. 
Fourthly, we presented a novel wet DNA sensing method based on 
PMMA-protected sub-2 nm nanogap for in situ biological detection directly in 
aqueous solutions under near-physiological conditions. This design exhibited two 
orders of magnitude reduction in parasitic ionic currents and thus offered markedly 
improved signal-to-noise ratio. In fact, this application for DNA sensing has not 
reached the limit of the polymer-protected nanogap as the sub-2 nm nanogap was not 
fully exploited. It should be noted that the polymer-protected sub-2 nm nanogap was 
capable of 1) capturing molecules, peptides or DNA, which were much smaller than 
the 15 nm gold nanoparticles used here, and 2) detecting/studying these molecules in 
aqueous solution. Our efforts in this direction are currently underway. 




upconversion nanoparticle [NaYF4 co-doped with Yb/Er (18/2 mol %)] as a donor and 
Au nanoparticle as an acceptor. This new optical detection approach provided an 
opportunity for multiple sensing of various biological analytes. Despite the gains, 
many significant challenges remained before this method could be practically used in 
real applications. One main weak point was the lack of a generalized protocol for the 
surface modification of upconversion NPs with suitable-thickness coating that showed 
high colloidal stability in aqueous solution. Further efforts are also needed to focus on 
the improvement of the relative emission intensity of upconversion NPs in aqueous or 
buffer solution. 
In conclusion, the oligonucleotides/NP biosensor offers a robust general platform 
for the detection of various targets. As the receptor of a biosensor, oligonucleotides 
can be designed into various recognition elements with specific sequences that can not 
only detect a complementary DNA target, but also be specific to other chemical 
substances. Moreover, as the transducer of a biosensor, nanoparticles can be 
developed into various signal reporters by utilizing their different properties including 
optical, electrochemical, and magnetic characteristics. It is only a matter of time 
before these biosensors become commercial products. 
 
 
